THE STUDY AND CHARACTERIZATION OF A NEW PROCEDURE FOR APPLYING CARBIDE COATINGS TO GRAPHITE FURNACES USED IN ATOMIC ABSORPTION SPECTROSCOPY by ALMEIDA, MANUEL CHARLES
University of New Hampshire
University of New Hampshire Scholars' Repository
Doctoral Dissertations Student Scholarship
Fall 1983
THE STUDY AND CHARACTERIZATION
OF A NEW PROCEDURE FOR APPLYING
CARBIDE COATINGS TO GRAPHITE
FURNACES USED IN ATOMIC
ABSORPTION SPECTROSCOPY
MANUEL CHARLES ALMEIDA
University of New Hampshire, Durham
Follow this and additional works at: https://scholars.unh.edu/dissertation
This Dissertation is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has
been accepted for inclusion in Doctoral Dissertations by an authorized administrator of University of New Hampshire Scholars' Repository. For more
information, please contact nicole.hentz@unh.edu.
Recommended Citation
ALMEIDA, MANUEL CHARLES, "THE STUDY AND CHARACTERIZATION OF A NEW PROCEDURE FOR APPLYING




This reproduction was made from a copy o f a docum ent sent to  us for microfilming. 
While the most advanced technology has been used to  photograph and reproduce 
this docum ent, the quality o f the reproduction is heavily dependent upon the 
quality o f  the material subm itted.
The following explanation o f techniques is provided to  help clarify markings or 
notations which may appear on this reproduction.
1. The sign or “ target” for pages apparently lacking from the docum ent 
photographed is “ Missing Page(s)” . If  it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to  assure com plete continuity.
2. When an image on the film is obliterated with a round black mark, it is an 
indication o f either blurred copy because o f movement during exposure, 
duplicate copy, or copyrighted materials tha t should no t have been filmed. For 
blurred pages, a good image o f  the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame.
3. When a map, drawing or chart, etc., is part o f the material being photographed, 
a definite m ethod o f “sectioning” the material has been followed. It is 
customary to  begin filming at the upper left hand com er o f a large sheet and to 
continue from left to  right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete.
4. For illustrations tha t cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services D epartm ent.
5. Some pages in any docum ent may have indistinct print. In all cases the best 




300 N. Zeeb Road 
Ann Arbor, Ml 48106
II
8403933
A lm eid a , Manuel C harles
THE STUDY AND CHARACTERIZATION OF A NEW PROCEDURE FOR 
APPLYING CARBIDE COATINGS TO GRAPHITE FURNACES USED IN 
ATOMIC ABSORPTION SPECTROSCOPY
University of New Hampshire  Ph.D. 1983
University
Microfilms
International 300 N. Zeeb Road, Ann Arbor, Ml 48106
/'
PLEASE NOTE:
In all c a s e s  this material has been  filmed in the best possib le  way from the available copy. 
Problems encountered  with this docum ent have been  identified here with a check  mark V .
1. G lossy photographs or p a g e s  t/
2. Colored illustrations, paper or print______
3. Photographs with dark background
4. Illustrations are poor c o p y _______
5. P a g es  with black marks, not original copy_______
6. Print show s through a s  there is text on both s id e s  of p age_______
7. Indistinct, broken or small print on several p a g e s
8. Print e x c ee d s  margin requirem ents______
9. Tightly bound cop y  with print lost in sp ine_______
10. Computer printout p a g es  with indistinct print______
11. P a g e (s )_____________ lacking w hen material received, and not available from sch oo l or
author.
12. P a g e (s )_____________ seem  to b e  missing in numbering only a s  text follows.
13. Two pages n u m b ered _____________ . Text follow s.
14. Curling and wrinkled p a g e s ______
15. O t h e r _____________________________________ _
U niversity
M icrofilms
In te rn a t io n a l
 _____________________________________________________________________________________________________ I
THE STUDY AND CHARACTERIZATION OF A NEW PROCEDURE FOR APPLYING 
CARBIDE COATINGS TO GRAPHITE FURNACES USED IN 
ATOMIC ABSORPTION SPECTROSCOPY
BY
M anuel C. A lmeida 
B .A . , B os ton  U n i v e r s i t y ,  1977
A DISSERTATION
S u b m it te d  to  t h e  U n i v e r s i t y  o f  New H am pshire 
i n  P a r t i a l  F u l f i l l m e n t  o f  
t h e  R eq u irem en ts  f o r  th e  D egree  of
D o c to r  o f  P h i lo s o p h y  
in
C hem istry
S ep tem ber ,  1983
This dissertation has been examined and approved.
'^ h / ......................................._______________________
D i s s e r t a t i o n  d i r e c t o r ,  W. R y a o l f  S e i t z  
A s s o c i a t e  P r o f e s s o r  o f  C h e m is try
C. L. G r a n t ,  P r o f e s s o r  o f  C h e m is try
C h a r l e s  W. Owens, P r o f e s s o r  o f  C h e m is try
Gary R. WelLsman, A s s i s t a n t  P r o f e s s o r  o f  C h e m is try
T h eodore  L o d e r ,  A s s o c i a t e  P r o f e s s o r  o f  E a r t h  
S c ie n c e s
DEDICATION
T h is  d i s s e r t a t i o n  i s  d e d i c a t e d  t o  my f a m i ly :  my f a t h e r ,  M ario ,  my 
m o th e r ,  A l ic e ,  and my b r o t h e r ,  Jimmy. T h e i r  t e a c h i n g s ,  lo v e ,  s u p p o r t  
and c o n f id e n c e  have  been  t h e  m ost im p o r t a n t  p a r t  o f  my t r a i n i n g .  I  am 




I  w o u ld  l i k e  t o  t h a n k  Dr. W. R u d o l f  S e i t z  f o r  t h e  g u i d a n c e ,  
p a t i e n c e ,  s u p p o r t  and f r i e n d s h i p  ex te n d e d  t o  me d u r in g  my t im e  h e re .  I  
am e s p e c i a l l y  g r a t e f u l  f o r  th e  f reedom  w i th  w h ich  I  was p e r m i t t e d  to  
c o n d u c t  t h i s  r e s e a r c h .  W o rk in g  f o r  Dr. S e i t z  h a s  b e e n  an  e n j o y a b l e  
e x p e r i e n c e ,  a s  he i s  a  t r u e  p r o f e s s i o n a l .
I  would a l s o  l i k e  t o  th a n k  Dr. C. L. G ra n t  f o r  h e l p f u l  d i s c u s s i o n s  
c o n c e rn in g  s t a t i s t i c s  and f o r  r e a d i n g  t h i s  m a n u s c r i p t  a n d  s u g g e s t i n g  
changes  which im proved i t ' s  o v e r a l l  q u a l i t y .
The f o l l o w i n g  p e o p le  a r e  acknow ledged  f o r  t h e  lo a n  o f  e q u ip m e n t  o r  
h e lp  i n  c o n d u c t in g  e x p e r im e n t s :  Ms. M a r i ly n  E ck e r  (SEM and EDAX); Mr.
Tim K enney  ( X - r a y  d i f f r a c t i o n ) 5 Dr. C o l i n  H u b b a rd  ( l o a n  o f  P o l a r o i d  
Land C am era )  an d  Mr. R i c h a r d  S w e e t  ( c o n s t r u c t i o n  o f  n o i s e  f i l t e r ) .  I  
am a l s o  g r a t e f u l  f o r  h e lp  p ro v id e d  by Ms. K a th le e n  G a l l a g h e r  i n  ta m in g  
th e  a to m ic  a b s o r p t i o n  s p e c t r o p h o to m e te r .
I  would l i k e  t o  th a n k  th e  members o f  my r e s e a r c h  g roup ,  Dr. J e r r y  
M u l l i n ,  Dr. L i n d a  S a a r i  a n d  Mr. C h r i s t o p h e r  H a l l e n  f o r  t h e i r  h e l p ,  
f r i e n d s h i p ,  and th e  p r o o f r e a d i n g  o f  th e  f i n a l  copy o f  t h i s  m a n u s c r ip t .
I  am a l s o  g r a t e f u l  f o r  t h e  h e l p  g i v e n  t o  me by t h e  r e m a i n d e r  o f  t h e  
g r a d u a t e  s t u d e n t s .  I n  many w ay s  t h e y  h a v e  s u p p o r t e d  me, an d  I  t h a n k  
them.
F i n a l l y ,  I  w o u ld  l i k e  t o  a c k n o w le d g e  t h e  w o rk  o f  Ms. K a t h l e e n  
B ousquin , who ty p e d  th e  f i n a l  m a n u s c r ip t .  I n  a d d i t i o n ,  I  th a n k  Kathy 
f o r  h e r  f r i e n d s h i p ,  l o v e  a n d  s u p p o r t ,  a l l  o f  w h ic h  w e r e  g i v e n  









I .  GRAPHITE FURNACE ATOMIC ABSORPTION SPECTROSCOPY............
INTRODUCTION.........................................................................................
A dvan tages  o f  F la m e le s s  AA R e l a t i v e  to  Flame AA 
H i s t o r i c a l  D evelopm ent o f  G r a p h i t e  A t o m i z e r s . . .  
P rob lem s A s s o c i a te d  W ith  G r a p h i t e  A t o m i z e r s . . . .  
OBJECTIVE OF THESIS........................................................................
I I .  CARBIDE COATING OF GRAPHITE FURNACES FOR AAS.................
INTRODUCTION.........................................................................................
The P ro p o se d  C o a t in g  P r o c e d u r e ......................................
D is a d v a n ta g e s  o f  t h e  C o a t in g  P r o c e d u r e s .................
EXPERIMENTAL.........................................................................................
F u r n a c e s ...........................................................................................
R e a g e n t s ...........................................................................................
C o a t in g  P r o c e d u r e s ...................................................................
T i C l  ...........................................................................................4
MoCl5 ...............................................................................................
WC1,..............................................................................................6
F u rn ace  C h a r a c t e r i z a t i o n s ...................................................
Page
RESULTS AND DISCUSSION.............................................................................  25
T i ta n iu m  C oated  F u r n a c e s .................................................................  25
Molybdenum and T u n g s te n  Coated  F u r n a c e s .............................  29
ESCA and Auger D a ta .............................................................................  32
SEM and EDAX D a te .................................................................................. 34
X -ray  D i f f r a c t i o n  D a ta ...................................................................... 42
I I I .  ANALYTICAL PERFORMANCE OF THE CARBIDE COATED FURNACES  48
INTRODUCTION.....................................................................................................  48
THEORY OF SIGNAL SHAPE.................................    50
EXPERIMENTAL......................................    59
A p p a r a tu s .......................................................................................................  59
P e rk in -E lm e r  HGA 7 4 ........................................................................  59
I n s t r u m e n t a t i o n  L a b o ra to ry  CTF 6 5 5 ....................................  62
R e a g e n t s .......................................................................................................... ^4
P r o c e d u r e s ..................................................................................................... 65
Therm al C h a r a c t e r i s t i c s ..............................................................  65
U s e fu l  L i f e t im e  o f  C o a t in g .......................................................  66
S ig n a l  E n h an cem en ts ........................................................................  66
A b s o rp t io n  P u l s e  C h a r a c t e r i s t i c s .........................................  70
RESULTS and DISCUSSION.............................................................................  72
Therm al C h a r a c t e r i s t i c s ...................................................................  72
A n a l y t i c a l  L i f e t im e  o f  t h e  C a rb id e  C o a t in g ...................... 79
P e rk in -E lm e r  HGA 7 4 / J a r r e l l - A s h  S y s tem ................................ 85
N o n-C arb ide  Form ing E le m e n t s ................................................  90
C a rb id e  Form ing E le m e n ts .......................................................... 96
R e p r o d u c i b i l i t y  o f  t h e  C a rb id e  C o a t in g s ......................  102
vi
Page
I n s t r u m e n t a t i o n  L a b o r a to r y  CTF 6 5 5 .......................................  105
N o n -C arb id e  Form ing E le m e n t s ...........................................  106
C a rb id e  Form ing E le m e n t s .....................................................  115
A b s o rp t io n  P u l s e  C h a r a c t e r i s t i c s ..................................  128




T a b le  2 -1  F u rn a c e  D i m e n s i o n s . . ..................................................................... 21
T a b le  2-2  W eight d a t a  f o r  TiC C oated  F u r n a c e s ......................  26
T a b le  2 -3  C a l c u l a t i o n  o f  T h e o r e t i c a l  W eight L o s s ................   27
T a b le  2 -4  W eight D a ta  f o r  MoC and WC F u r n a c e s ................................  30
T a b le  2 -5  C a rb id e  S p e c i e s  P e r c e n t  On C oated  F u r n a c e s ...............  43
T a b le  3 -1  P e rk in -E lm e r  HGA 74 S ta n d a rd  C o n d i t i o n s ....................... 67
T a b le  3 -2  I n s t r u m e n t a t i o n  L a b o ra to ry  CTF 655 S ta n d a rd
Conditions.................................... 68
T a b le  3-3 IL 655 F u rn a c e  H e a t in g  P ro g ra m ............................................. 69
T a b le  3 -4  E m iss ion  I n t e n s i t i e s ..................................................................... 78
T a b le  3 -5 '  Pb and Cd A bsorbances  w i th  V a r io u s  F u r n a c e s   87
T a b le  3 -6  P r e c i s i o n  f o r  T h ree  R e p l i c a t e  A bsorbance
M easu rem e n ts ....................................................................................... 91
T a b le  3-7  S e n s i t i v i t y  and D e te c t i o n  L im i t s  f o r  N i and C o . . .  95
T a b le  3-8 P r e c i s i o n  f o r  T h ree  R e p l i c a t e  A bsorbance
M easu rem e n ts ....................................................................................... 97
T a b le  3-9  S e n s i t i v i t y  and D e te c t io n  L im i t s  f o r  S i  and B e . . .  101
T a b le  3-10  Sample C a l c u l a t i o n  to  D e te rm in e  E n h an cem en ts   103
Table 3-11  Reproducibility of Carbide Coatings................................. 104
T a b le  3-12 P r e c i s i o n  f o r  T hree  R e p l i c a t e  A bsorbance
M easu rem en ts ..........................................................................    107
T a b le  3-13 S e n s i t i v i t y  and D e te c t i o n  L im i t s  f o r  P b , A1 and
Cu............................................................................................................... 114
T a b le  3-14 Enhancement F a c t o r s  f o r  TiC F u r n a c e s ..............................  116
T a b le  3-15 P r e c i s i o n  f o r  T hree  R e p l i c a t e  A bsorbance
Measurements..................................  118
Table 3-16 Sensitivity and Detection Limits for Be and Cr... 124
viii
Page
T a b le  3-17 S ig n a l  Enhancem ents f o r  Be w i th  TiC F u rn a c e s
and Cr w i th  WC F u r n a c e s ............................................................... 125
T a b le  3-18  A bsorbance  D ata  F or C a rb id e  Forming E le m e n t s   127




F ig u r e  1 -1  D iagram  o f  a  b a s i c  d o u b le  beam a to m ic  a b s o r p t i o n  
s p e c t r o p h o to m e te r .  F or e l e c t r o t h e r m a l  a to m iz a ­
t i o n ,  t h e  s l o t  b u r n e r  i s  r e p la c e d  by a  g r a p h i t e  
f u r n a c e .......................................................................................................  2
F ig u r e  1-2 E a r l y  a to m iz e r  d e s ig n s  a) L 'v o v ' s  i s o th e r m a l
c u v e t t e ,  b) Massman f u r n a c e .......................................................  7
F ig u r e  2-1  a) C a rb id e  fo rm ing  t r a n s i t i o n  m e ta l s  b) M e l t in g
p o i n t  com parison  be tw een  p a r e n t  t r a n s i t i o n  me'tal 
and c a r b i d e .............................................................................................  13
F ig u r e  2-2  G r a p h i t e  f u r n a c e s  u sed  in  s tu d y  a) P e rk in -E lm e r
HGA 2100 f u r n a c e ,  b) I n s t r u m e n t a t i o n  l a b o r a t o r y  
fu r n a c e s  f o r  u s e  w i th  IL  655 CTF..............................................  22
F ig u r e  2-3  SEM p h o to m ic ro g ra p h  o f  an unused  TiC c o a te d
f u r n a c e  (X 3 0 0 ) ......................................................................................  35
F ig u r e  2-4  SEM p h o to m ic ro g ra p h  o f  an u n used ,  u n c o a te d
f u r n a c e  (X 300)......................................................................................  36
F ig u r e  2 -5  High m a g n i f i c a t i o n  p h o to m ic ro g ra p h  (X2000) o f
an unused  TiC c o a te d  f u r n a c e ..................................................... 37
F ig u r e  2-6  SEM p h o to m ic ro g ra p h  o f  an unused MoC c o a te d
f u r n a c e  (X 300)......................................................................................  38
F ig u r e  2-7  TiC c o a t i n g  l i f e t i m e  d a t a ,  O  anc  ^ □  c o a te d
v i a  im p re g n a t io n  w i th  T iC l^ ,  A  c o a te d  by 
C io n i  p ro c e d u re  ( 4 2 ) . . .............................................   41
F ig u r e  2-8  X -ray  d i f f r a c t i o n  p a t t e r n  f o r  TiC c o a te d
f u r n a c e ....................................................................................................... 45
F ig u r e  2 -9  X -ray  d i f f r a c t i o n  p a t t e r n  f o r  WC c o a te d
f u r n a c e ....................................................................................................... 46
F ig u r e  2-10 X -ray  d i f f r a c t i o n  p a t t e r n  f o r  MoC c o a te d
f u r n a c e ..............................................................................    47
F ig u r e  3 -1  Comparison o f  s i g n a l s  g e n e r a te d  i n  a) f lam e AA
and b) f u r n a c e  AA...............................................................................  51
F ig u r e  3 -2  E f f e c t  o f  i n c r e a s i n g  T-j_/T2 on a b so rb an ce














Q u a n t i t i e s  u se d  t o  c h a r a c t e r i z e  a b s o rb a n c e  
p u l s e s ....................................................................................
P e rk in -E lm e r  HGA 74.
I n s t r u m e n t a t i o n  l a b o r a t o r y  655 CTF. 1) F u rn a c e  
e l e c t r o d e s ,  2) G ra p h i te  f u r n a c e ,  3) T em p era tu re  
s e n s o r ,  4) T em p era tu re  s e n s o r  s c re w s ,  5) O p t i c a l  
mask, 6) I n e r t  gas  e n t r a n c e  p o r t s  7) I n e r t  gas  
e x i t  p o r t ,  8) Flow d e f l e c t o r s  and 9) F u rn ace  
r e l e a s e  h a n d l e .................................................................................
Low p a s s  f i l t e r  u s e d  to  p r e p a r e  o u tp u t  s i g n a l  
from  IL 951 s p e c t r o p h o to m e te r  f o r  s to r a g e  
o s c i l l o s c o p e ............ ..........................................................................
E f f e c t  o f  f u r n a c e  h e a t i n g  r a t e  on a b s o rb a n c e  
s i g n a l  o f  25 x 10” ^L o f  a  70 ppb Pb s o l u t i o n .
L e f t  t r a c e  g e n e r a te d  w i th  s t e p  a t o m iz a t io n ,  
r i g h t  t r a c e s  w i th  ramp a t o m iz a t io n .  Sweep 
r a t e  = 0 .5  s e c / d i v ....................................................... .................
T e m p e ra tu re - t im e  p r o f i l e s  o f  IL 655 f u r n a c e .  
E m iss io n  o f  f u r n a c e  m easured  a t  580 nm. Sweep 
r a t e  = 0 . 5  s e c / d i v .  a) 2275°C b) 2115°C 
c) 2075°C d) 1910°C e) 1875°C.........................................
Com parison o f  th e  th e rm a l  c h a r a c t e r i s t i c s  o f  TiC 
c o a te d  and  an u n c o a te d  f u r n a c e  by m e asu r in g  
e m is s io n  i n t e n s i t y  a t  580 nm a s  a  f u n c t i o n  of 
t e m p e r a t u r e .  □  TiC f u r n a c e ,  O  u n c o a te d  
f u r n a c e ..................................................................................................
S t a b i l i t y  o f  u n c o a te d  f u r n a c e  r e s p o n s e  to  
25 x 10“ °L o f  a  1 .0  ppm S i  s o l u t i o n  o v e r  t h e  
l i f e t i m e  o f  t h e  f u r n a c e .  P eak  h e i g h t  a b s o rb ­
an ce  v a l u e s  r e c o rd e d  e v e ry  t e n t h  a t o m iz a t io n .  
S ta n d a rd  P .E .  c o n d i t i o n s  f o r  S i .........................................
S t a b i l i t y  o f  TiC c o a te d  f u r n a c e  r e s p o n s e  to  
25 x 10“ ^L o f  a  0 .5  ppm S i  s o l u t i o n  o v e r  th e  
l i f e t i m e  o f  th e  f u r n a c e .  A bsorbance  v a lu e s  
re c o rd e d  e v e ry  t e n t h  a t o m iz a t io n .  S ta n d a rd  
P .E .  c o n d i t i o n s  f o r  S i .....................................................
S t a b i l i t y  o f  MoC c o a te d  f u r n a c e  re s p o n s e  t o  
25 x 10~^L o f  a  0 .5  ppm S i  s o l u t i o n  o v e r  t h e  
l i f e t i m e  o f  t h e  f u r n a c e .  P eak  h e i g h t  a b s o rb ­
an ce  v a l u e s  r e c o rd e d  e v e ry  t e n t h  a to m iz a t io n .  




F ig u r e  3-14
F ig u r e  3-15
F ig u r e  3-16
F ig u r e  3-17
F ig u r e  3-18
F ig u r e  3-19
F ig u r e  3-20
F ig u r e  3-21
UV a b s o rb a n c e  sp e c tru m  o f  NiSO^/CuSO^ s o l u t i o n  
u sed  a s  f i l t e r  t o  r e d u c e  f u r n a c e  e m is s io n  
r e a c h in g  t h e  d e t e c t o r .  S o lu t i o n  d i l u t e d  by 
a  f a c t o r  ^ 5  f o r  s p e c t r u m ............................................................... 89
P eak  h e i g h t  c a l i b r a t i o n  c u rv e  f o r  Co showing 
p r e c i s i o n  o f  3 s u c c e s s i v e  a t o m iz a t io n s  o f  
25 x 10~^L sa m p le s ,  d e te rm in e d  in  t h e  HGA 
w i th  a WC c o a te d  f u r n a c e  u s in g  s t a n d a r d  P .E .  
c o n d i t i o n s  f o r  Co................................................................................ 92
Comparison o f  Co peak  h e i g h t  c a l i b r a t i o n  c u rv e s
g e n e r a te d  i n  th e  HGA 74 u s in g  t h e  v a r i o u s
c o a te d  f u r n a c e s  w i t h  TiC c o a t e d  ( T i ) , an  u n c o a te d
(U ) , a  MoC c o a te d  (Mo) and a  WC c o a te d  fu rn a c e
(W), u s in g  s t a n d a r d  P .E .  c o n d i t i o n s  f o r  Co......................  93
C om parison o f  N i peak  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a te d  i n  t h e  HGA 74 u s in g  th e  v a r i o u s  c o a te d  
f u r n a c e s  w i th  a  TiC c o a te d  ( T i ) , an  u n c o a te d  (U ) , 
a MoC c o a te d  (Mo) and a  WC c o a te d  f u r n a c e  (W), 
u s in g  s t a n d a r d  P .E .  c o n d i t i o n s  f o r  N i ..................................  94
P eak  h e i g h t  c a l i b r a t i o n  c u rv e  f o r  S i  showing 
th e  p r e c i s i o n  o f  3 s u c c e s s i v e  a b s o rb a n c e  
m easurem en ts  o f  25 x 10“ ^L sam ples  d e te rm in e d  
i n  t h e  HGA 74 w i th  a  MoC c o a te d  f u r n a c e  u s in g  
s t a n d a r d  P .E .  c o n d i t i o n s  f o r  S i ................................................  98
Comparison o f  S i  p e a k  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a te d  i n  t h e  HGA 74 w i th  th e  v a r io u s  c o a te d  
f u r n a c e s  w i th  a  TiC c o a te d  ( T i ) , an u n c o a te d  
(U ) , and MoC c o a te d  (Mo) and a  WC c o a te d  fu r n a c e  
(W) u s in g  s t a n d a r d  P .E .  c o n d i t i o n s  f o r  S i .......................  99
Comparison o f  Be p e a k  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a te d  in  t h e  HGA 74 w i th  th e  v a r io u s  c o a te d  
f u r n a c e s  w i th  a  TiC c o a te d  ( T i ) , an u n c o a te d  (U ) , 
an MoC c o a te d  (Mo) and a  WC c o a te d  f u r n a c e  (W) 
u s in g  s t a n d a r d  P .E .  c o n d i t i o n s  f o r  B e ....................................100
Peak  h e i g h t  c a l i b r a t i o n  c u rv e  f o r  Pb showing th e
p r e c i s i o n  o f  3 s u c c e s s iv e  a t o m iz a t io n s  o f  25
second  d e p o s i t i o n s  o f  sam ple i n  t h e  IL 655 w i th
a  TiC c o a t e d  f u r n a c e  u s in g  s t a n d a r d  IL
c o n d i t i o n s  f o r  P b ....................................................................................109
Comparison o f  Pb p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a te d  w i th  th e  IL 655 w i th  an u n c o a te d  (U) and 
TiC c o a te d  f u r n a c e  (T i)  u s in g  s t a n d a r d  IL con­




F ig u r e  3-23
F ig u r e  3-24
F ig u r e  3-25
F ig u r e  3-26
F ig u r e  3-27
F ig u r e  3-28
F ig u r e  3-29
Com parison o f  Cu p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a t e d  w i t h  t h e  IL 655 w i th  an u n c o a te d  (U) 
and TiC c o a t e d  f u r n a c e  (T i )  u s in g  s t a n d a r d  IL 
c o n d i t i o n s  f o r  Cu w i th  25 second  sam ple  d e p o s i ­
t i o n s  ...................................................................................................
Com parison o f  A1 peak  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a t e d  w i t h  t h e  IL 655 w i th  an u n c o a te d  (U ) , 
a  TiC c o a t e d  (T i )  and a  p y r o l y t i c a l l y  c o a te d  
f u r n a c e  (P) u s in g  s t a n d a r d  IL c o n d i t i o n s  f o r  
Al w i th  25 seco n d  sam ple  d e p o s i t i o n s ..................................  112
Com parison o f  Al p eak  a r e a  c a l i b r a t i o n  c u rv e s  
g e n e r a t e d  w i t h  t h e  IL  655 w i th  an u n c o a te d  (U) 
and a  TiC c o a t e d  f u r a n c e  (T i)  u s in g  s t a n d a r d  
IL  c o n d i t i o n  f o r  Al w i th  25 second  sam ple  
d e p o s i t i o n s ..................................................................................
P eak  h e i g h t  c a l i b r a t i o n  c u rv e  f o r  Be showing 
t h e  p r e c i s i o n  o f  3 s u c c e s s i v e  a t o m iz a t io n s  o f  
25 seco n d  sam ple  d e p o s i t i o n s  i n  t h e  IL 655 
u s in g  a  TiC c o a te d  f u r n a c e ...........................................
Com parison o f  Be peak  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a t e d  w i t h  t h e  IL  655 w i th  an u n c o a te d  (U ) , 
TiC c o a te d  (TiC) and a  p y r o l y t i c a l l y  c o a te d  
f u r n a c e  (P) u s in g  s t a n d a r d  IL c o n d i t i o n s  f o r  
Be w i th  25 second  sam ple  d e p o s i t i o n s ........................
Com parison o f  Be peak  a r e a  c a l i b r a t i o n  c u rv e s  
g e n e r a te d  w i t h  t h e  IL 655 w i th  an u n c o a te d  (U ) , 
TiC c o a t e d  (TiC) and a  p y r o l y t i c a l l y  c o a te d  
f u r n a c e  (P) u s in g  s t a n d a r d  IL c o n d i t i o n s  f o r  
Be w i t h  25 second  sam ple  d e p o s i t i o n s ........................
Com parison o f  Cr p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  
g e n e r a t e d  w i th  th e  IL 655 w i th  an u n c o a te d  (U) 
and  a  TiC c o a t e d  f u r n a c e  u s in g  s t a n d a r d  IL 
c o n d i t i o n s  f o r  Cr and 25 second  sam ple  d e p o s i ­
t i o n s ..................................................................................................
E f f e c t  o f  a t o m iz a t io n  t e m p e r a tu r e  ( h e a t i n g  r a t e )  
on t h e  a b s o rb a n c e  o f  25 x 10“ 6 L o f  a  0 .0 1  ppm 
Be s o l u t i o n  in  an u n c o a te d  ( O ) j  TiC c o a te d  ( □  ) ,  
MoC c o a te d  ( O ) and WC c o a te d  f u r n a c e  ( A ) u s in g  
s t a n d a r d  P .E .  c o n d i t i o n s  f o r  Be, w i th  v a r y in g  
a t o m iz a t io n  t e m p e r a t u r e s ...............................................................
xiii
Page
—6F ig u r e  3 -30  A b so rb a n c e - t im e  p r o f i l e s  o f  25 x 10 L sam ples
o f  a 70 ppb Pb s o l u t i o n s  g e n e r a t e d  i n  th e  IL  
655 w i t h  a) TiC c o a t e d  f u r n a c e ,  b) u n c o a te d  
f u r n a c e .  O s c i l l o s c o p e  sweep r a t e  = 0 .5  s e c /  
d i v i s i o n ,  i n p u t  v o l t a g e  = 1 V f u l l  s c a l e .............................132
“6F ig u r e  3 -31  A b so rb a n c e - t im e  p r o f i l e s  o f  25 x  10 L sam ples
o f  a  70 ppb Be s o l u t i o n s  g e n e r a te d  i n  t h e  IL 
655 w i th  a) TiC c o a te d  f u r a n c e ,  b) u n c o a te d  
f u r n a c e .  O s c i l l o s c o p e  sweep r a t e  = 0 .5  s e c /  
d i v i s i o n ,  i n p u t  v o l t a g e  = 1 V f u l l  s c a l e .............................133
_6
F ig u r e  3-32 A b so rb a n c e - t im e  p r o f i l e s  o f  25 x 10 L sam ples
o f  a 100 ppb Co s o l u t i o n s  g e n e r a te d  i n  th e  IL
655 w i th  a) TiC c o a te d  f u r n a c e ,  b) u n c o a te d  
f u r n a c e .  O s c i l l o s c o p e  sweep r a t e  = 0 .5  s e c /  
d i v i s i o n ,  i n p u t  v o l t a g e  = 1 V f u l l  s c a l e ............................ 134
—6F ig u r e  3-33 A b so rb a n c e - t im e  p r o f i l e s  o f  25 x 10 L sam ples
o f  a  70 ppb Cu s o l u t i o n s  g e n e r a te d  i n  th e  IL 
655 w i t h  a) TiC c o a te d  f u r n a c e ,  b) u n c o a te d  
f u r n a c e .  O s c i l l o s c o p e  sweep r a t e  = 0 .5  s e c /  
d i v i s i o n ,  i n p u t  v o l t a g e  = 1 V f u l l  s c a l e ............................ 135
xiv
ABSTRACT
THE STUDY AND CHARACTERIZATION OF A NEW PROCEDURE FOR APPLYING 
CARBIDE COATINGS TO GRAPHITE FURNACES USED IN 
ATOMIC ABSORPTION SPECTROSCOPY
by
MANUEL C. ALMEIDA 
U n i v e r s i t y  o f  New H am pshire , Sep tem ber ,  1983
The o b j e c t  o f  t h i s  d i s s e r t a t i o n  i s  th e  s tu d y  and c h a r a c t e r i z a t i o n  
o f  a  new m ethod f o r  a p p l y in g  c a r b i d e  c o a t i n g s  to  g r a p h i t e  f u r n a c e s  used  
i n  a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y .  The p r o p o s e d  m e th o d  c o n s i s t s  o f  
im p r e g n a t in g  g r a p h i t e  f u r n a c e s ,  u n d e r  red u ce d  p r e s s u r e ,  w i th  a  l i q u i d  
m e ta l  c h l o r i d e .  A f t e r  s o a k in g  i n  w a te r  t o  h y d ro ly z e  th e  m e ta l  c h l o r i d e  
t o  m e t a l  o x i d e ,  t h e  f u r n a c e  i s  f i r e d  a t  h i g h  t e m p e r a t u r e  t o  fo rm  t h e  
c a r b i d e .  T h r e e  m e t a l  c h l o r i d e s ,  T iC l j j ,  MoCl^ an d  WClg, w e r e  u s e d  t o  
a p p ly  TiC, MoC and WC c o a t i n g s ,  r e s p e c t i v e l y .  E x p e r im e n ta l  d e t a i l s  o f  
th e  c o a t i n g  p ro c e d u re s  a r e  g iv e n .
C h a r a c t e r i z a t i o n  o f  t h e  v a r i o u s  c o a t i n g s  w as  c a r r i e d  o u t  u s i n g  
ESCA, SEM, EDAX and X -ray  d i f f r a c t i o n .  The TiC c o a t i n g  was found to  be 
th e  b e s t ,  a s  a  r e s u l t  o f  more e x t e n s i v e  s u r f a c e  c o v e ra g e  and s u p e r i o r  
p e n e t r a t i o n  o f  t h e  g r a p h i t e  t h a n  t h e  o t h e r  c o a t i n g s .  None o f  t h e  
c o a t i n g s  s e a l e d  t h e  g r a p h i t e  s u r f a c e  c o m p l e t e l y .  Some d a t a  w as  
o b ta in e d  i n d i c a t i n g  p ro b le m s  w i th  th e  MoC c o a t in g  due t o  i n t e r c a l a t i o n  
o f  t h e  MoClg, l i m i t i n g  i t s  u s e f u l n e s s  f o r  a p p l y i n g  c o a t i n g s .  A l l  o f  
t h e  c o a t i n g s  w e r e  f o u n d  t o  be  r u g g e d ,  l a s t i n g  i n  e x c e s s  o f  500 h i g h
xv
t e m p e r a t u r e  c y c l e s .  X -ray  d i f f r a c t i o n  r e v e a l e d  t h e  c o a t i n g s  t o  c o n s i s t  
o f  m e ta l  c a r b i d e s  and some m e ta l  o x id e s .
The a n a l y t i c a l  p e r f o r m a n c e s  o f  t h e  c o a t i n g s  w e r e  c o m p a re d  w i t h  
e a c h  o t h e r  an d  a l s o  w i t h  u n c o a t e d  an d  p y r o l y t i c a l l y  c o a t e d  f u r n a c e s .  
None o f  t h e  c o a t i n g s  s i g n i f i c a n t l y  a l t e r e d  t h e  c u r r e n t - t e m p e r a t u r e  
b e h a v i o r  o f  t h e  f u r n a c e s .  The h i g h e r  s e n s i t i v i t y  o b s e r v e d  w i t h  t h e  
c a r b i d e  c o a t e d  f u r n a c e  f o r  som e e l e m e n t s  w as  fo u n d  t o  l a s t  f o r  t h e  
e n t i r e  l i f e t i m e  o f  t h e  f u r n a c e .  The c o a t e d  f u r n a c e s  a l s o  h ad  a 
s i g n i f i c a n t l y  l o n g e r  l i f e t i m e  th a n  u n c o a te d  f u r n a c e s .  The TiC c o a t in g  
was found t o  be t h e  m ost r e p r o d u c i b l e  c o a t in g ,  f o l lo w e d  by t h e  WC and 
MoC c o a t in g s .  U sing  t h e  c a r b i d e  c o a te d  f u r n a c e s ,  s i g n a l  en h an cem en ts  
f o r  A l,  As, Ba, Be, Sb, S i  an d  Pb. No e n h a n c e m e n t s  w e r e  o b s e r v e d  f o r  
Co, Cu, Ni, Sb and S r.  A pprox im ate  s e n s i t i v i t i e s ,  d e t e c t i o n  l i m i t s  and 
s i g n a l  en h an cem en ts  a r e  r e p o r t e d .  M easurem en ts  o f  a t o m i z a t i o n  t i m e s  
(t ^) i n d i c a t e d  t h a t  s i g n a l  enhancem ent may be due t o  i n c r e a s e s  r a t e s  o f  
a t o m i z a t i o n  from  c a r b i d e  c o a te d  f u r n a c e s .
CHAPTER I
GRAPHITE FURNACE ATOMIC ABSORPTION SPECTROSCOPY 
Intr<aduc:y.pii
F e w e r  t h a n  t h i r t y  y e a r s  h a v e  e l a p s e d  s i n c e  t h e  f i r s t  p a p e r  
a p p e a re d  w i th  a  d i s c u s s i o n  o f  t h e  u se  o f  a to m ic  a b s o r p t i o n  s p e c t r o s c o p y  
(AAS) a s  a n  a n a l y t i c a l  t e c h n i q u e  (1 ) .  D u r in g  t h i s  p e r i o d  o f  t i m e  AAS 
h a s  d ev e lo p ed  i n t o  t h e  m os t w id e ly  u sed  te c h n iq u e  f o r  t h e  d e t e r m i n a t i o n  
o f  m e t a l l i c  e l e m e n t s  a s  a  r e s u l t  o f  i t s  h i g h  s p e c i f i c i t y  an d
s e n s i t i v i t y .  More th a n  s i x t y  e l e m e n ts  can  be d e te rm in e d  by AAS w i th
e x c e l l e n t  p r e c i s i o n  and a c c u ra c y  (2 ).
E s s e n t i a l l y ,  an  AAS in s t r u m e n t  c o n s i s t s  o f  a  m onoch rom atic  s o u rc e ,  
and a t o m i z a t i o n  d e v ic e ,  a  d e t e c t o r  and a  r e a d o u t  (F ig .  1 -1). The b a s i c  
i n s t r u m e n t a t i o n  o r i g i n a l l y  d e s c r i b e d  by W a lsh  (1 )  h a s  r e m a i n e d  
v i r t u a l l y  u n c h a n g e d  th o u g h  c o n s i d e r a b l e  a d v a n c e s  h a v e  b e e n  made i n  
e l e c t r o n i c s .  These ad v an c es  have p roduced  i n s t r u m e n t s  w h ich  a r e  f a s t e r  
and e a s i e r  t o  o p e r a t e  th a n  th e  e a r l y  m odels .
A dvantages  fl£ F la m e le s s  M  RfllaLLV-fl JLfl Flame M
One com ponent o f  th e  AAS sy s tem  w h ich  h a s  r e c e i v e d  a  c o n s id e r a b l e  
amount o f  a t t e n t i o n  h a s  been th e  a t o m i z a t i o n  d e v ic e .  The t e c h n iq u e  o f  
AAS r e q u i r e s  t h e  p r o d u c t i o n  o f  a  f r e e ,  n e u t r a l  a to m ic  v a p o r  w hich  can 
a b so rb  l i n e  r a d i a t i o n  e m i t t e d  from  th e  s o u rc e .  The amount o f  r a d i a t i o n  
w hich  i s  a b s o rb e d  can  th e n  be r e l a t e d  t o  t h e  c o n c e n t r a t i o n  o f  th e  m e ta l  
o f  i n t e r e s t .  When t h e  t e c h n i q u e  w as  f i r s t  i n t r o d u c e d ,  a f l a m e  w as
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1 -1  D iagram o f  a  b a s i c  d o u b le  beam a to m ic  a b s o r p t i o n  
s p e c t r o p h o to m e te r .  F o r  e l e c t r o t h e r m a l  a t o m iz a t io n  
th e  s l o t  b u r n e r  i s  r e p l a c e d  by a  g r a p h i t e  f u r n a c e .
3g e n e r a l l y  u s e d  f o r  g e n e r a t i n g  a t o m i c  v a p o r .  F l a m e s  h a d  b e e n  u s e d  
e x t e n s i v e l y  i n  e m i s s i o n  s p e c t r o s c o p y  an d  t h u s  w e r e  i n h e r i t e d  by AAS 
( 1 , 3 ) .
The p o p u l a r i t y  o f  f l a m e s  w as  d u e  i n  p a r t  t o  t h e  f o l l o w i n g  
a d v a n ta g e s  ( 3 ) :
i )  They a r e  e a s y  t o  u se  and f r e e  from  memory e f f e c t s .
F lam es a r e  a l s o  s a f e .
i i )  The b u r n e r s  r e q u i r e d  f o r  u se  w i t h  f l a m e s  a r e  s m a l l ,  
d u r a b le  and in e x p e n s iv e .  W ith  n e b u l i z e r  s y s te m s ,  sam p le  
s o l u t i o n s  a r e  e a s i l y  and r a p i d l y  h a n d le d .
i i i )  By v a r y i n g  t h e  t y p e  o f  f u e l  a n d  o x i d a n t  an d  t h e  
r a t i o  o f  f u e l  t o  o x i d a n t ,  a  w id e  v a r i e t y  o f  f l a m e s  and  
f la m e  c o n d i t i o n s  can  be a t t a i n e d  a l l o w i n g  a  c o n s id e r a b le  
number o f  e l e m e n ts  t o  be a n a ly z e d .
i v )  F l a m e s  h a v e  a  s u f f i c i e n t l y  h i g h  s i g n a l - t o - n o i s e  
r a t i o  (S/N) i n  t h e  u s e f u l  r e g io n  o f  t h e  s p e c tru m  (200 nm 
t o  800 nm) t o  p e r m i t  s e n s i t i v e  a n d  p r e c i s e  a n a l y t i c a l  
d e t e r m i n a t i o n s  t o  be made.
v) I n t e r f e r e n c e s  a r e  w e l l  known and can  be com pensa ted  
f o r  r e l a t i v e l y  e a s i l y .
I t  i s  e v i d e n t  AAS w i th  f la m e  a t o m i z a t i o n  r e s u l t s  i n  an  e x t r e m e ly  u s e f u l  
t e c h n iq u e  w hich can  be a p p l i e d  to  many ty p e s  o f  sam p le s .
Even though  f l a m e s  p o s s e s s  c o n s i d e r a b l e  a d v a n ta g e s ,  th e y  a l s o  have 
fu n d a m e n ta l  l i m i t a t i o n s  w hich  im pose  c o n s t r a i n t s  on t h e i r  u t i l i t y  i n  
AAS. Some o f  t h e  m ost im p o r t a n t  d i s a d v a n t a g e s  a r e  (3, 4):
i )  The n e b u l i z e r s  u s e d  w i t h  f l a m e s  a r e  i n e f f i c i e n t ,  
r e q u i r i n g  l a r g e  am oun ts  o f  sam p le  w h ich  may n o t  a lw a y s  
b e  a v a i l a b l e .  I f  a n  a n a l y t e  i s  p r e s e n t  i n  lo w  
c o n c e n t r a t i o n ,  d i l u t i o n  t o  i n c r e a s e  t h e  volum e o f  sam p le  
may n o t  be p o s s i b l e .
i i )  F l a m e s  h a v e  lo w  a t o m i z a t i o n  e f f i c i e n c i e s  w h ic h  
l i m i t  t h e  num ber o f  a to m s  i n  t h e  v a p o r  phase .  A lso , th e  
r e s i d e n c e  t im e  o f  t h e  a to m ic  v ap o r  i n  t h e  f la m e  i s  v e ry
4s h o r t .
i i i )  C o n c e n t r a t i o n  o f  a to m s  i n  t h e  f l a m e  i s  l i m i t e d  by 
t h e  d i l u t i o n  e f f e c t  c a u s e d  by th e  g a s e s  w h ich  t r a n s p o r t  
t h e  s a m p l e .  E x p a n s i o n  o f  t h e  g a s e s  u p o n  c o m b u s t i o n  
f u r t h e r  r e d u c e s  t h e  a to m ic  c o n c e n t r a t i o n  i n  t h e  f la m e .
i v )  I t  i s  n o t  p o s s i b l e  t o  e x e r c i s e  c o m p l e t e  c o n t r o l  
o v e r  t h e  c h e m i c a l  e n v i r o n m e n t  t o  w h ic h  t h e  a n a l y t e  i s  
s u b j e c t e d .  By v a r y i n g  t h e  f u e l / o x i d a n t  r a t i o  t h e  
c h e m ic a l  c o m p o s i t io n  o f  t h e  f la m e  i s  a l t e r e d  a lo n g  w i th  
i t s  t e m p e r a t u r e ,  e m is s i o n  and a b s o r p t i o n  c h a r a c t e r i s t i c s .
v )  Some r e f r a c t o r y  e l e m e n t s  f o r m  t h e r m a l l y  s t a b l e  
o x id e s  i n  f l a m e s ,  s e v e r e l y  r e d u c in g  s e n s i t i v i t y .
v i )  At w a v e l e n g t h s  b e lo w  300 nm, t h e  f l a m e  a b s o r b s  
c o n s i d e r a b l y .  S e v e r e  d e g r a d a t i o n  o f  t h e  S /N  i s  
p o s s i b l e ,  r e d u c in g  p r e c i s i o n  o f  t h e  m easurem ent.
I n  v iew  o f  t h e s e  l i m i t a t i o n s ,  a l t e r n a t e  m e thods  o f  p ro d u c in g  an  a to m ic  
v a p o r  have  been  e x p lo r e d .
Among t h e  m e t h o d s  w h i c h  h a v e  b e e n  i n v e s t i g a t e d  a r e  g l o w  
d i s c h a r g e s ,  s t a b i l i z e d  a r c s ,  f i l a m e n t s  and f u r n a c e s  (5). E l e c t r i c a l l y  
h e a t e d  a t o m i z e r s  h a v e  d e m o n s t r a t e d  t h e  b e s t  r e s u l t s .  T h e s e  r e l y  on 
t h e r m a l  e n e r g y  t r a n s f e r  t o  s a m p l e  i n  o r d e r  t o  p r o d u c e  a t o m i c  v a p o r .  
The m ost p o p u la r  h a s  been  t h e  g r a p h i t e  f u r n a c e .
F la m e le s s  a t o m i z e r s  a r e  more com plex  th a n  f la m e  a t o m iz e r s .  They 
r e q u i r e  a  l a r g e  w o r k i n g  s p a c e ,  f a i r l y  l a r g e  p o w e r  s u p p l i e s ,  and  t h e y  
p l a c e  c o n s i d e r a b l e  dem ands on t h e  d e t e c t i o n  sy s te m  a s  a r e s u l t  o f  th e  
t r a n s i e n t  s i g n a l s  g e n e r a t e d  (6). However, t h e  a d v a n ta g e s  o f  f l a m e l e s s  
a to m iz e r  sy s te m s  a r e  c o n s i d e r a b l e  ( 7 ) .
i )  F l a m e l e s s  a t o m i z e r s  u s e  s a m p l e  m u ch  m o r e  
e f f i c i e n t l y  th a n  f la m e  a t o m i z e r s ,  r e q u i r i n g  o n ly  a  few 
m i c r o l i t e r s  o f  s o l u t i o n .
i i )  F la m e le s s  a t o m i z e r s  a r e  c a p a b le  o f  d e t e r m i n a t i o n s
5i n  t h e  v acuum  UV w i t h  a n  e v a c u a t e d  s y s t e m  (8 ) .  The 
p r e s e n c e  o f  o x y g e n  i n  f l a m e s  m a k e s  a n a l y s i s  i n  t h e  
vacuum UV i m p o s s ib l e .
i i i )  F l a m e l e s s  a t o m i z e r s  h a v e  lo w  b a c k g r o u n d  s i g n a l s  
w h ic h  r e s u l t  i n  h i g h  S /N ,  s u p e r i o r  t o  t h o s e  i n  f l a m e  
s y s te m s .
iv )  The th e r m a l  and  c h e m ic a l  e n v i ro n m e n t  o f  th e  a n a l y t e  
can be b e t t e r  c o n t r o l l e d  i n  a  f u r n a c e  th a n  i n  a  f la m e .
v) The s m a l l e r  v o lu m e  o f  t h e  f l a m e l e s s  a t o m i z e r  and  
t h e  a b s e n c e  o f  d i l u t i o n  by e x p a n d i n g  g a s e s  r e s u l t s  i n  
more f a v o r a b l e  v a p o r i z a t i o n  and a t o m i z a t i o n  e f f i c i e n c i e s  
th a n  i n  f la m e s .  A to m iz e r s  made o f  g r a p h i t e  a r e  h i g h l y  
r e d u c i n g  w hen h e a t e d  t o  i n c a n d e s c e n c e ,  r e s u l t i n g  i n  
h i g h e r  v a p o r i z a t i o n  and d i s s o c i a t i o n  o f  t h e r m a l l y  s t a b l e  
m e ta l  o x id e s  th a n  i n  f l a m e s .
v i )  The p o s s i b i l i t y  o f  s o l i d  s a m p l i n g  e x i s t s  i n  
f l a m e l e s s  a t o m i z e r s .
As a  co nsequence  o f  t h e s e  a d v a n ta g e s  and i n c r e a s e d  r e s i d e n c e  t i m e s  o f  
th e  a to m ic  v a p o r  i n  f l a m e l e s s  a t o m i z e r s ,  an  enhancem en t i n  s e n s i t i v i t y  
o f  10^  - 1 0 5  o v e r  t h e  f l a m e  t e c h n i q u e  i s  o b t a i n e d  (7 ) .  A c o n s i d e r a b l e  
am ount o f  work h a s  been  done w i th  f l a m e l e s s  a t o m i z e r s  and o v e r  t h i r t y  
d e s ig n s  have  been  r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 9 ) .
H i s t o r i c a l  D evelopm ent oL G r a p h i t e  Afcami&gr.3.
The f i r s t  r e p o r t e d  u s e  o f  an  e l e c t r i c a l l y  h e a t e d  f u r n a c e  w as  by 
K in g  i n  1908  (1 0 ) .  Two g r o u p s  w o r k i n g  i n d e p e n d e n t l y  i n  t h e  S o v i e t  
U n io n  d e v i s e d  a  g r a p h i t e  c r u c i b l e  t o  v a p o r i z e  s a m p l e s  f o r  
s p e c t r o g r a p h i c  a n a l y s i s  (1 1 ,  12). H o w e v e r ,  n o n e  o f  t h e s e  w o r k e r s  
a p p l i e d  t h e i r  a t o m iz a t io n  d e v i c e s  t o  AAS.
I n  1969 , L 'v o v  w a s  t h e  f i r s t  t o  a p p l y  a n  e l e c t r i c a l l y  h e a t e d  
f u r n a c e  t o  AAS (1 3 ) .  L 'v o v 's  d e s i g n  c o n s i s t e d  o f  a m o d i f i c a t i o n  o f  a 
p r e v i o u s  f u r n a c e  i n  w h ic h  t h e  s a m p l e  w as  v a p o r i z e d  w i t h  a  D.C. a r c .
6The D.C. a r c  p r o v e d  t o  b e  an  i n e f f i c i e n t  m e a n s  o f  v a p o r i z i n g  t h e  
sam p le .  The m o d i f ie d  d e s ig n  u s e d  a  r e s i s t i v e l y  h e a t e d  sam p le  e l e c t r o d e  
w h ic h  w as  p l a c e d  i n t o  a  p r e h e a t e d  g r a p h i t e  f u r n a c e  ( F i g .  1 - 2 a ) .  The 
s a m p l e  c o u l d  be e i t h e r  a  s o l u t i o n  o r  a  p o w d e r .  A f t e r  t h e  s a m p l e  
e l e c t r o d e  was p la c e d  i n  t h e  f u r n a c e ,  a  c u r r e n t  was p a s s e d  th ro u g h  th e  
e l e c t r o d e  to  v a p o r iz e  t h e  sam p le  i n t o  t h e  i s o t h e r m a l  f u r n a c e .  A lthough  
t h i s  d e s i g n  h a s  g i v e n  t h e  h i g h e s t  a b s o l u t e  s e n s i t i v i t i e s  o b t a in e d  i n  
AAS, i t  h a s  f o u n d  l i m i t e d  u s e  d u e  t o  t h e  n e e d  f o r  tw o  p o w e r  s u p p l i e s  
(o n e  t o  h e a t  t h e  f u r n a c e  an d  a n o t h e r  t o  h e a t  t h e  e l e c t r o d e )  a n d  a  
d e v ic e  t o  i n t r o d u c e  th e  e l e c t r o d e  i n t o  t h e  f u r n a c e  (9 ).
C o m m erc ia lly  a v a i l a b l e  g r a p h i t e  f u r n a c e  a t o m i z e r s  a r e  m o d i f i c a ­
t i o n s  o f  t h e  Massman f u r n a c e  w h ich  i s  a  s i m p l e r  and s m a l l e r  v e r s i o n  o f  
K in g ’s  c o n s i s t i n g  o f  a  g r a p h i t e  t u b e  s u p p o r t e d  by w a t e r  c o o l e d  s t e e l  
c o n e s  ( F ig .  1 - 2 b ) .  A h o l e  i s  d r i l l e d  i n t o  t h e  t u b e  t o  a l l o w  l i q u i d  
s a m p le s  (5-200 m i c r o l i t e r s )  t o  be p la c e d  i n  t h e  f u rn a c e .  The sam p le  i s  
d r i e d  and a to m iz e d  by p a s s a g e  o f  i n c r e a s i n g  am oun ts  o f  c u r r e n t  th ro u g h  
t h e  f u r n a c e .  S i n c e  t h e  f u r n a c e  i s  n o t  c o m p l e t e l y  e n c l o s e d ,  i t  i s  
o p e r a t e d  i n  a rg o n  o r  n i t r o g e n  t o  r e d u c e  o x i d a t i o n  o f  t h e  g r a p h i t e .
As p r e v i o u s l y  s t a t e d ,  h e r e  a r e  many a t o m i z e r  d e s i g n s .  T h e s e  
c o n s i s t  o f  v a r i o u s  ro d s ,  cups ,  f i l a m e n t s  and m e t a l l i c  b o a t s .  Some o f  
t h e s e  d e s i g n s  w e r e  c o m m e r c i a l l y  a v a i l a b l e  a t  o n e  t i m e  b u t  h a v e  b e e n  
s u b s e q u e n t ly  r e p l a c e d  by m o d i f i c a t i o n s  o f  t h e  Massman d e s ig n .
I n  a d d i t i o n  t o  t h e  w o r k  d o n e  o n  t h e  p h y s i c a l  d e s i g n  o f  
e l e c t r o t h e r m a l  a t o m i z e r s ,  a  c o n s i d e r a b l e  amount o f  w ork h a s  been  done 
on th e  f u r n a c e  i t s e l f .  Though some work h as  been  done on u s in g  m e ta l  
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F ig u r e  1 -2 .  E a r ly  a to m iz e r  d e s ig n s  a )  L 'v o v 's  i s o th e r m a l  c u v e t t e ,  
b )  Massman f u r n a c e .
f u r n a c e s .  The a lm o s t  e x c l u s i v e  u s e  o f  g r a p h i t e  a s  t h e  f u r n a c e  m a t e r i a l  
f o r  e l e c t r o t h e r m a l  a t o m i z a t i o n  d e r i v e s  f ro m  i t s  e x t r e m e l y  f a v o r a b l e  
p h y s i c a l  p r o p e r t i e s .  G r a p h i t e  h a s  g o o d  t h e r m a l  a n d  e l e c t r i c a l  
c o n d u c t i v i t y ,  w h ic h  p e r m i t s  a  h i g h  t e m p e r a t u r e  t o  be r e a c h e d  by 
r e s i s t i v e  h e a t i n g ,  and a  low th e r m a l  e x p a n s io n  c o e f f i c i e n t .  The h ig h  
m e l t i n g  p o i n t  (-3500  °C) a l l o w s  a  r e a s o n a b l e  w o rk in g  ra n g e .  G r a p h i te  
i s  a l s o  r i g i d ,  e a s i l y  m ach ined ,  r e l a t i v e l y  c h e m ic a l ly  i n e r t  and can  be 
o b t a i n e d  w i t h  h i g h  p u r i t y .  As a  r e s u l t ,  g r a p h i t e  i s  a  v e r s a t i l e  an d  
r e l a t i v e l y  i n e x p e n s iv e  m a t e r i a l  f o r  f u r n a c e  c o n s t r u c t i o n .
P rob lem s A s s o c i a te d  W ith  G rap h ite ,  Ate m lzg r a
The u s e  o f  g r a p h i t e  f o r  e l e c t r o t h e r m a l  a t o m i z a t i o n  i s  n o t  w i th o u t  
d i s a d v a n t a g e s .  One o f  t h e  m ain  d raw b ack s  o f  g r a p h i t e  i s  i t s  p o r o s i t y  
w h ich  a v e r a g e s  a p p r o x im a te ly  17$ ( 18) b u t  may v a ry  from  b a tc h  t o  b a tc h .  
As a  r e s u l t ,  l i q u i d  s a m p l e  c a n  s o a k  i n t o  t h e  g r a p h i t e  (9 ) .  T h i s  
c o m p l i c a t e s  a t o m i z a t i o n ,  r e d u c in g  s e n s i t i v i t y  and a l s o  c a u s in g  memory 
e f f e c t s  due t o  i n c o m p le t e  a t o m i z a t i o n  (18). At t h e  h ig h  t e m p e r a t u r e s  
u s e d  f o r  a t o m i z a t i o n  ( - 1 5 0 0 - 2 8 0 0  °C ),  a t o m i c  v a p o r  c a n  p a s s  f r e e l y  
th ro u g h  th e  w a l l s  o f  t h e  g r a p h i t e  f u r n a c e  r e d u c in g  th e  r e s i d e n c e  t im e  
o f  t h e  v a p o r  i n  t h e  a n a l y t i c a l  v o lu m e ,  r e s u l t i n g  i n  a  d e c r e a s e  i n  
s e n s i t i v i t y  (9 ).
Even th o u g h  g r a p h i t e  f u r n a c e s  a r e  u s u a l l y  s h e a th e d  i n  an i n e r t  g as  
su ch  a s  a rg o n ,  th e y  a r e  s t i l l  s u s c e p t i b l e  t o  o x i d a t i o n  w hich  r e s u l t s  i n  
a  v a r y in g  a t o m i z a t i o n  s u r f a c e ,  memory e f f e c t s  and a l s o  a  r e d u c t i o n  in  
t h e  u s e f u l  l i f e t i m e  o f  t h e  f u r n a c e  (1 8 ) .  Upon o x i d a t i o n  o f  t h e  
f u r n a c e ,  t h e  p o r o s i t y  o f  t h e  s u r f a c e  i n c r e a s e s  c a u s in g  a t o m i z a t i o n  o f  
r e f r a c t o r y  m e t a l s  t o  b eco m e  e v e n  m o re  d i f f i c u l t  (1 8 ) .  The c h a n g i n g
9a t o m i z a t i o n  s u r f a c e  i s  a l s o  r e s p o n s i b l e  f o r  r e d u c e d  p r e c i s i o n  an d  
d e c r e a s e d  s e n s i t i v i t y  o f  f u r n a c e s  upon a g in g .
G r a p h i t e  i s  c a p a b l e  o f  b i n d i n g  v a r i o u s  e l e m e n t s  b e t w e e n  t h e  
h e x a g o n a l  s h e e t s  o f  c a r b o n  w h ic h  m ake up i t s  s t r u c t u r e  t h r o u g h  a  
p r o c e s s  c a l l e d  i n t e r c a l a t i o n .  H alogens  (20) and a l k a l i  m e ta l s  (21, 22) 
a r e  p a r t i c u l a r l y  s u s c e p t i b l e .  R e le a s e  o f  i n t e r c a l a t e d  h a lo g e n s  d u r in g  
a n a l y s i s  may c a u s e  i n t e r f e r e n c e s  w i t h  som e m e t a l s  ( 2 3 ) .  The m e t a l  
c h l o r i d e s  o f  v a r i e t y  o f  e l e m e n t s  can  be s t r o n g l y  i n t e r c a l a t e d  (24, 25). 
The r e s u l t  o f  t h e s e  i n t e r c a l a t e d  c o m p o u n d s  may be a n  a b b r e v i a t e d  
f u r n a c e  l i f e t i m e ,  v a r y in g  s e n s i t i v i t y ,  and memory e f f e c t s  (5 ,  3 4 ) .
G r a p h i t e  i s  n o t  c o m p le te ly  i n e r t .  U n q u e s t io n a b ly ,  g r a p h i t e  p l a y s  
a  r o l e  i n  t h e  r e d u c t i o n  o f  m e t a l  o x i d e s  t o  f r e e  m e t a l  i n  t h e  f u r n a c e  
(7 ,  2 6 ,  2 7 ,  2 8 ) .  H o w e v e r ,  g r a p h i t e  i s  a l s o  know n t o  f o r m  s t a b l e  
c a r b i d e s  w i th  a  v a r i e t y  o f  m e t a l s ,  e s p e c i a l l y  t h o s e  o f  g ro u p s  IVA and 
VIA (5 ,  2 9 ) .  F o r m a t i o n  o f  t h e  c a r b i d e s  o f  Ba, La , Z r ,  T i ,  Nb an d  W i n  
t h e  g r a p h i t e  f u r n a c e  i s  w e l l  know n. C hrom ium  h a s  b e e n  sh o w n  t o  be  
i r r e v e r s i b l y  bound t o  t h e  g r a p h i t e  f u r n a c e  (30). The e f f e c t  o f  c a r b i d e  
f o r m a t i o n  i s  e x t r e m e l y  lo w  s e n s i t i v i t y  o f  g r a p h i t e  f u r n a c e  AAS f o r  
c a r b i d e  fo rm in g  m e ta l s  and t h e  p o s s i b i l i t y  o f  s e v e r e  memory e f f e c t s .
I n  o r d e r  t o  e l i m i n a t e  some o f  t h e s e  d i s a d v a n t a g e s ,  L'vov s u g g e s te d  
t h a t  o r d i n a r y  g r a p h i t e  be  c o a t e d  w i t h  a  l a y e r  o f  p y r o l y t i c  g r a p h i t e  
(1 9 ) .  S u ch  a  c o a t i n g  w o u ld  d e c r e a s e  p o r o s i t y  o f  f u r n a c e  s i n c e  
p y r o l y t i c  g r a p h i t e  i s  l e s s  p o r o u s  t h a n  o r d i n a r y  g r a p h i t e .  A 
p y r o l y t i c a l l y  c o a te d  f u r n a c e  w ould  th e n  i n c r e a s e  th e  r e s i d e n c e  t im e  o f  
a to m ic  v a p o r  i n  th e  a n a l y t i c a l  volum e and a l s o  p r e v e n t  l i q u i d  sam p le  
from  so a k in g  i n t o  th e  f u r n a c e .
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P y r o l y t i c  g r a p h i t e  h a s  a  g r e a t e r  r e s i s t a n c e  t o  o x i d a t i o n  t h a n  
o r d i n a r y  g r a p h i t e  and a l s o  a  h i g h e r  s u b l i m a t i o n  p o i n t  ( 3900 °C) w hich  
u s u a l l y  p r o d u c e s  i n c r e a s e d  l i f e t i m e  r e l a t i v e  t o  n o n - p y r o l y t i c a l l y  
c o a t e d  f u r n a c e s .  A s i g n i f i c a n t  a m o u n t  o f  w o rk  h a s  b e e n  d o n e  u s i n g  
p y r o l y t i c a l l y  c o a te d  f u r n a c e s ,  u s u a l l y  w i t h  f a v o r a b l e  r e s u l t s .
A p p l i c a t i o n  o f  a  p y r o l y t i c  c o a t i n g  does  n o t  s o lv e  a l l  t h e  p ro b le m s  
a s s o c i a t e d  w i t h  t h e  u s e  o f  g r a p h i t e  f u r n a c e s  i n  e l e c t r o t h e r m a l  
a t o m iz a t io n .  Tubes w h ich  a r e  c o a te d  c o m m e rc ia l ly  may have  d i f f e r i n g  
s e n s i t i v i t i e s  from  l o t  t o  l o t  (31). I n  a d d i t i o n ,  t h e  p y r o l y t i c  c o a t in g  
may be  p r o g r e s s i v e l y  w o rn  o f f  w i t h  u s e  ( 3 2 ) ,  e s p e c i a l l y  w hen m a t r i x  
m o d i f i e r s  a r e  u s e d  (3 1 ) .  The g r a d u a l  l o s s  o f  p y r o l y t i c  c o a t i n g  
r e q u i r e s  f r e q u e n t  r e - c a l i b r a t i o n  d u e  t o  c h a n g i n g  r e s p o n s e  o f  t h e  
f u r n a c e .  The u s e  o f  a c i d s  i n  d i g e s t i o n  p r o c e d u r e s ,  such  a s  p e r c h l o r i c  
a c i d ,  may c a u s e  r a p i d  d e s t r u c t i o n  o f  p y r o l y t i c  c o a t i n g s  such  t h a t  th e  
r e s p o n s e  i s  r e d u c e d  t o  t h a t  o f  a n  u n c o a t e d  f u r n a c e  (3 3 ) .  E ven  th o u g h  
t h e  s e n s i t i v i t y  o f  p y r o l y t i c a l l y  c o a te d  f u r n a c e s  i s  g e n e r a l l y  s u p e r i o r  
t o  u n c o a t e d  f u r n a c e s  f o r  r e f r a c t o r y  an d  c a r b i d e  f o r m i n g  m e t a l s ,  t h e  
p o s s i b i l i t y  o f  c a r b i d e  f o r m a t i o n  a n d  i n t e r c a l a t i o n  s t i l l  e x i s t s  (3 1 ,  
3 4 ) .
I n  an a t t e m p t  t o  im prove  upon w e ak n esse s  o f  p y r o l y t i c a l l y  c o a te d  
f u r n a c e s ,  o t h e r  c o a t in g  s t r a t e g i e s  have  been  s tu d i e d .  The u s e  o f  m e ta l  
f o i l s  (9 ,  34 , 35) p l a c e d  i n  g r a p h i t e  f u r n a c e s  h a s  b e e n  i n v e s t i g a t e d  
w i t h  f a v o r a b l e  r e s u l t s .  A n o th e r  c o a t i n g  s t r a t e g y  h a s  b e e n  t h e  
d e l i b e r a t e  a d d i t i o n  o f  c a r b i d e  fo rm in g  m e t a l s  t o  t h e  g r a p h i t e  f u r n a c e  
i n  o r d e r  t o  c o a t  t h e  f u r n a c e  w i th  a  p r o t e c t i v e  l a y e r  o f  m e ta l  c a r b id e .  
A m e t a l  c a r b i d e  l a y e r  s h o u l d  r e d u c e  t h e  p o r o s i t y  o f  t h e  g r a p h i t e ,
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i n c r e a s e  t h e  l i f e t i m e  o f  t h e  f u r n a c e  a n d  p r e v e n t  t h e  f o r m a t i o n  o f  
t h e r m a l l y  s t a b l e  c a r b i d e s  by a n a l y t e  a t o m s  (3 6 ) .  G e n e r a l  p r o c e d u r e s  
f o r  c o a t i n g  f u r n a c e s  w i t h  c a r b i d e s  have been  r e p o r t e d .  The d e t a i l s  o f  
some o f  t h e s e  p r o c e d u re s  w i l l  be d i s c u s s e d  i n  t h e  f o l l o w i n g  c h a p t e r .
.Q.bj.ag,t.l3r.s. &£ Ih&ala
The p u r p o s e  o f  t h i s  t h e s i s  i s  t o  i n v e s t i g a t e  a  n o v e l  a p p r o a c h  t o  
c o a t i n g  g r a p h i t e  f u r n a c e s  w i t h  c a r b i d e  f o r m i n g  m e t a l s .  The c o a t i n g  
m e th o d  p r o p o s e d  c o n s i s t s  o f  p l a c i n g  t h e  f u r n a c e  i n  a  l i q u i d  m e t a l  
c h l o r i d e ,  s u b s e q u e n t l y  f o r m i n g  t h e  m e t a l  c a r b i d e .  O t h e r  c o a t i n g  
p r o c e d u r e s  u s e  d i l u t e  aqueous  s o l u t i o n s  o f  m e ta l  s a l t s ,  w h ich  l i m i t  th e  
am ount o f  m e ta l  p r e s e n t  o f  t h e  f u r n a c e  t o  fo rm  t h e  c a r b i d e  l a y e r .  I t  
i s  o u r  b e l i e f  t h e  c o a t i n g  m e th o d  p r o p o s e d  w i l l  o f f e r  s i g n i f i c a n t  
a d v a n t a g e s  o v e r  t h o s e  p r e v i o u s l y  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
S p e c i f i c a l l y ,  g r a p h i t e  f u r n a c e s  c o a te d  by th e  p ro p o sed  method s h o u ld  a) 
e x h i b i t  a  more r e p r o d u c i b l e  c o a t in g ,  b) p o s s e s s  a  more w e a r - r e s i s t a n t  
c o a t i n g ,  c )  h a v e  a  l o n g e r  u s a b l e  l i f e t i m e  a n d  d) show  i n c r e a s e d  
s e n s i t i v i t y  f o r  r e f r a c t o r y  and c a r b i d e  fo rm in g  m e t a l s .
CHAPTER II
CARBIDE COATING OF GRAPHITE FURNACES FOR AAS 
In.tr.fidnatlg,n
C a rb id e  f o r m a t io n  i s  f a i r l y  common among t r a n s i t i o n  m e ta l s .  Every  
e le m e n t  i n  t h e  f i r s t  t r a n s i t i o n  s e r i e s  i s  c a p a b le  o f  fo rm in g  a  c a r b id e .  
I n  t h e  s e c o n d  a n d  t h i r d  t r a n s i t i o n  s e r i e s ,  e l e m e n t s  i n  g r o u p s  I I I  t o  
V II  a r e  known t o  form  c a r b i d e s  ( F ig .  2 - 1 a ) .
As a  c l a s s  o f  c o m p o u n d s ,  c a r b i d e s  p o s s e s s  som e e x t r a o r d i n a r y  
p r o p e r t i e s  w h ich  make them  u s e f u l  f o r  a  w ide  v a r i e t y  o f  a p p l i c a t i o n s .  
One o f  t h e  m o s t  i m p o r t a n t  p r o p e r t i e s  o f  c a r b i d e s  i s  t h e i r  e x t r e m e  
h a r d n e s s .  B i n a r y  c a r b i d e s  h a v e  m i c r o h a r d n e s s  v a l u e s  o f  2000  t o  3000 
kg/mm2, m aking them  some o f  t h e  h a r d e s t  compounds known. C a rb id e s  a l s o  
h a v e  e x t r e m e l y  h i g h  m e l t i n g  p o i n t s ,  u s u a l l y  h i g h e r  t h a n  t h e  p a r e n t  
t r a n s i t i o n  m e t a l  ( F ig .  2 - 1 b ) .  M e l t i n g  p o i n t s  o f  t h e  c a r b i d e s  f ro m  
g ro u p s  IV t o  V II  ( e x c lu d in g  Cr^ C2) ra n g e  from  2600°C f o r  MoC t o  3983°C 
f o r  TaC. C o n c e n t r a te d  a c i d  s o l u t i o n s  a t t a c k  c a r b i d e s  v e ry  s lo w ly  and 
c a r b i d e s  a r e  s t a b l e  a t  room te m p e r a tu r e .  I n  a d d i t i o n ,  t h e  e l e c t r i c a l  
r e s i s t i v i t i e s  o f  c a r b i d e s  a r e  v i r t u a l l y  i n d e p e n d e n t  o f  t e m p e r a t u r e  
(3 7 ) .  I n  l i g h t  o f  t h e s e  p r o p e r t i e s ,  m e t a l  c a r b i d e s  a r e  a n  i d e a l  
m a t e r i a l  f o r  c o a t i n g  g r a p h i t e  f u r n a c e s  f o r  AAS.
A v a r i e t y  o f  p r o c e d u r e s  h a v e  b e e n  d e v e l o p e d  t o  a p p l y  c a r b i d e  
c o a t i n g s  t o  g r a p h i t e  f u r n a c e s .  T h e s e  p r o c e d u r e s  a r e  b a s e d  on w e l l  
known c a r b i d e  p r e p a r a t i o n s  (37, 38): 1) d i r e c t  r e a c t i o n  o f  m e ta l  and
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E lem en ts  Carbides
F ig u r e  2 -1 .  a) C a rb id e  fo rm ing  t r a n s i t i o n  m e ta l s  b) M e l t in g  p o i n t
co m p ar iso n  be tw een  p a r e n t  t r a n s i t i o n  m e ta l  and c a r b i d e .
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c a r b o n  a n d  2) d i r e c t  r e a c t i o n  o f  m e t a l  o x i d e  an d  c a r b o n .  T h e s e  
r e a c t i o n s  a r e  c a r r i e d  o u t  i n  an  i n e r t  a tm o s p h e re  i n  th e  e l e c t r o t h e r m a l  
a to m iz e r .
One o f  t h e  s i m p l e s t  and m ost w id e ly  u sed  m e thods f o r  a p p l i c a t i o n  
o f  a  c a r b i d e  c o a t i n g  i s  t o  p i p e t  a  v o lu m e  o f  s o l u t i o n  c o n t a i n i n g  a  
c a r b i d e  f o r m i n g  m e t a l  i n t o  t h e  f u r n a c e .  The f u r n a c e  i s  t h e n  p u t  
th ro u g h  a  h e a t i n g  c y c l e  t o  e v a p o r a t e  t h e  s o l v e n t  and s u b s e q u e n t ly  form  
t h e  c a r b i d e .  U s in g  t h i s  t y p e  o f  p r o c e d u r e ,  R u n n e l s  e t .  a l .  (3 6 )  s t u d ­
i e d  f u r n a c e s  c o a t e d  w i t h  L a ,  S i ,  Z r ,  V, Ba, Mo, a n d  Be c a r b i d e s  and  
m i x tu r e s  o f  t h e s e  c a r b i d e s .  The ty p e s  o f  s o l u t i o n s  u se d  w ere  o r g a n ic  
an d  i n o r g a n i c  m e t a l  s a l t s  an d  s o l u t i o n s  o f  p u r e  m e t a l s  d i s s o l v e d  i n  
a c i d s .  They o b s e rv e d  im pro v em en t i n  t h e  d e t e c t i o n  l i m i t s  f o r  Be, Cr, 
Mn, a n d  Al a n d  f o u n d  t h a t  t h e  c a r b i d e  c o a t i n g  l a s t e d  f o r  t h e  l i f e  o f  
th e  f u r n a c e .  The Z r  c a r b i d e  c o a t i n g  gave  t h e  b e s t  r e s u l t s .  L agas  (39) 
p i p e t t e d  LaCl^ i n t o  b o th  u n c o a te d  and p y r o l y t i c a l l y  c o a te d  f u r n a c e s  and 
p u t  th e  f u r n a c e s  th ro u g h  an  a p p r o p r i a t e  h e a t i n g  c y c le .  T h is  p ro c e d u re  
w as  r e p e a t e d  t h r e e  t i m e s .  An i n c r e a s e  i n  t h e  p e r f o r m a n c e  o f  t h e  
f u r n a c e s  f o r  Be, Ba, V, am ong o t h e r s ,  w as  r e p o r t e d  a l o n g  w i t h  a n  
i n c r e a s e d  l i f e t i m e  f o r  t h e  f u r n a c e s .  The c a r b i d e  c o a t e d  p y r o l y t i c  
g r a p h i t e  f u r n a c e  g a v e  s u p e r i o r  r e s u l t s .  M an n in g  a n d  S l a v i n  (40)  
i n j e c t e d  a q u e o u s  105? Mo s o l u t i o n s  i n t o  f u r n a c e s  an d  f o l l o w e d  w i t h  a 
h e a t i n g  c y c l e .  The i n j e c t i o n  an d  h e a t i n g  c y c l e  w as  r e p e a t e d  t h r e e  
t im e s .  They found  th e  Mo c o a t i n g  t o  g iv e  more r e p r o d u c i b l e  r e s u l t s  f o r  
Pb i n  a  c h l o r i d e  m a t r i x  an d  t h a t  t h e  f u r n a c e  l a s t e d  f o r  a t  l e a s t  200 
a t o m i z a t i o n s .  M v i l l e r - V o g t  a n d  W endl (4 1 )  e n h a n c e d  S i  a b s o r b a n c e  
s i g n a l s  by i n j e c t i n g  Nb2 0 ^ i n  n i t r i c  a c i d  f o l lo w e d  by a  h e a t i n g  c y c le .  
S l u r r i e s  o f  T i 0 2 w e r e  i n j e c t e d  by C i o n i  e t .  a l .  (4 2 ) .  The f u r n a c e  w as
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f i r e d  a t  maximum t e m p e r a t u r e  t o  fo rm  t h e  c a r b i d e .  They found  t h a t  th e  
c a r b i d e  c o a te d  f u r n a c e  was l e s s  s e n s i t i v e  th a n  a  f u r n a c e  w i t h  a  Ta f o i l  
l i n i n g ,  b u t  s t i l l  s u f f i c i e n t  f o r  t h e  a n a l y s i s  o f  Ba i n  s i l i c a t e s .
I n  c o n t r a s t  t o  t h e  p r e t r e a t m e n t  i n j e c t i o n s  o f  c a r b i d e  f o r m i n g  
m e t a l s ,  som e w o r k e r s  h a v e  a d d e d  t h e  c a r b i d e  f o r m e r  t o  s a m p l e s  o r  
i n j e c t e d  them  a l t e r n a t e l y  w i th  sa m p le s .  B e n g ts so n  e t .  a l .  (43) added 
la n th an u m  n i t r a t e  and ammonium m o ly b d a te  t o  s e a  w a te r  s a m p le s .  They 
f o u n d  t h e  l a n t h a n u m  t o  b e  e f f e c t i v e  i n  r e d u c i n g  n o n - s p e c i f i c  
a b s o rb a n c e s  i n  Cd a n a l y s e s .  Hodges (44) a l t e r n a t e l y  i n j e c t e d  ammonium 
m o l y b d a t e  an d  Pb s a m p l e s .  He r e p o r t e d  a  r e d u c t i o n  i n  t h e  b a c k g r o u n d  
a b s o r b a n c e  by t h e  p h o s p h a t e - s a l t  m a t r i x  t o  a  l e v e l  w h e r e  b a c k g r o u n d  
c o r r e c t i o n  was a b l e  t o  com pensa te .
The m o s t  common m e th o d  f o r  c o a t i n g  a  g r a p h i t e  f u r n a c e  w i t h  a  
c a r b i d e  l a y e r  i s  t o  s o a k  t h e  f u r n a c e  i n  a  s o l u t i o n  o f  t h e  c a r b i d e  
f o r m i n g  m e t a l .  T h i s  m e th o d  a l l o w s  b o t h  t h e  i n t e r i o r  a n d  e x t e r i o r  
s u r f a c e s  o f  t h e  f u r n a c e  t o  be c o a t e d .  F r i t z s c h e  e t .  a l .  (4 5 )  s o a k e d  
f u r n a c e s  f o r  24 h o u r s  i n  s a l t  s o l u t i o n s  o f  W, V, S i  an d  Z r .  F u r n a c e s  
w e r e  a l s o  s o a k e d  i n  p u r e  T i ,  Mo, Ta m e t a l s  d i s s o l v e d  i n  a c i d  a n d  a 
s u s p e n s i o n  o f  TaOH. T hey  r e p o r t e d  i n c r e a s e s  i n  s e n s i t i v i t y  an d  a 
r e d u c t i o n  o f  c a t i o n i c  and a n i o n i c  i n t e r f e r e n c e s  i n  Sn d e t e r m i n a t i o n s  
w i t h  t h e  Z r  a n d  Ta c a r b i d e  f u r n a c e s .  The o t h e r  c o a t i n g s  d i d  n o t  show  
any s i g n i f i c a n t  im p ro v em en ts .  V ic k re y  e t .  a l .  (46) a n a ly z e d  o r g a n o t i n  
compounds u s in g  f u r n a c e s  w h ich  had been  soaked  i n  s o l u t i o n s  o f  V, Mo, 
Cr and Zr. T h e i r  r e s u l t s  a g re e d  w i th  t h o s e  o f  F r i t z s c h e  i n  t h a t  t h e  Z r 
t r e a t m e n t  gave  th e  b e s t  r e s u l t s .  A lso , V ic k re y  c o a te d  t h e  c a r b i d e  w i th  
a  l a y e r  o f  p y r o l y t i c  g r a p h i t e  b u t  found  no im pro v em en t i n  p e r fo rm a n c e .
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I n  a  s t u d y  o f  t h e  a t o m i z a t i o n  m e c h a n is m  o f  y t t r i u m ,  C h a k r a b a r t i  an d  
Wahab (34) found  t h e  p e r fo rm a n c e  o f  p y r o l y t i c a l l y  c o a te d  f u r n a c e s  c o u ld  
be  e n h a n c e d  by s o a k i n g  t h e  f u r n a c e s  i n  6% s o l u t i o n s  o f  Ta , La a n d  Z r  
f o r  24 h o u r s .
A m o d i f i c a t i o n  o f  t h e  s o a k i n g  p r o c e d u r e  w as  r e p o r t e d  by Z a t k a  
(4 7 ) .  He s o a k e d  a  f u r n a c e  u n d e r  r e d u c e d  p r e s s u r e  i n  a  6% Ta s o l u t i o n .  
T h i s  p e r m i t t e d  t h e  f u r n a c e  t o  be u n i f o r m l y  i m p r e g n a t e d  w i t h  t h e  Ta 
s o l u t i o n .  F u r n a c e s  c o a t e d  by t h i s  p r o c e d u r e  h a d  t h e i r  l i f e t i m e s  
i n c r e a s e d  by a  f a c t o r  o f  e i g h t  o r  more and showed i n c r e a s e d  s e n s i t i v i t y  
f o r  a  v a r i e t y  o f  e l e m e n t s .  Kuga (4 8 )  i m p r e g n a t e d  f u r n a c e s  i n  an  
a n a lo g o u s  m anner w i th  z i r c o n iu m  n i t r a t e  and found  an in c r e a s e d  l i f e t i m e  
(2X) and a  6- f o l d  i n c r e a s e  s e n s i t i v i t y  f o r  g a l l iu m .
A c o m p le te ly  d i f f e r e n t  p r o c e s s  was i n v e s t i g a t e d  by N o rv a l  e t .  a l .  
(32). By m ou n tin g  a  g r a p h i t e  f u r n a c e  c o n c e n t r i c  w i t h  a  t u n g s t e n  ro d  i n  
a  s p u t t e r i n g  cham ber, a  c o a t i n g  o f  m e ta l  was s p u t t e r e d  by th e  p a s s a g e  
o f  20 mamp o f  c u r r e n t  a t  600 V. C a r b i d e  w as  f o r m e d  a l o n g  w i t h  a 
p y r o l y t i c  g r a p h i t e  l a y e r  by h e a t i n g  i n  a n  a r g o n - m e t h a n e  a t m o s p h e r e .  
E x c e l l e n t  s t a b i l i t y  to w a rd s  p e r c h l o r i c  a c i d  was r e p o r t e d  a lo n g  w i th  a 
c o n s i d e r a b l e  i n c r e a s e  i n  f u r n a c e  l i f e t i m e  ( i n  e x c e s s  o f  3000 d e t e r m in a ­
t i o n s ) .  The s e n s i t i v i t y  o f  t h e  f u r n a c e  f o r  Cu a n d  Pb w as  a l s o  
im proved.
The a m o u n t  o f  l i t e r a t u r e  d e v o t e d  t o  c a r b i d e  c o a t e d  f u r n a c e s  i s  
e x t e n s i v e .  The p r o c e d u r e s  d i s c u s s e d  h e r e  a r e  r e p r e s e n t a t i v e  o f  t h e  
p r o c e d u re s  r e p o r t e d  i n  t h e  l i t e r a t u r e .
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g r a p h i t e  may be  p o o r .  E ven  u n d e r  r e d u c e d  p r e s s u r e  t h e  a m o u n t  o f  
c a r b i d e  fo rm ed  may be s m a l l  s i n c e  s o l u t i o n s  u s e d  a r e  r e l a t i v e l y  d i l u t e .  
Most o f  t h e  sp a c e  a v a i l a b l e  i n  t h e  g r a p h i t e  s t r u c t u r e  w i l l  be o c c u p ie d  
by s o l v e n t  r a t h e r  th a n  c a r b i d e  fo rm e r .
S p u t t e r i n g  t h e  c a r b i d e  fo rm in g  m e ta l  o n to  t h e  f u r n a c e  (32) g i v e s  
r e s p e c t a b l e  r e s u l t s .  H o w e v e r ,  t h i s  m e th o d  r e s u l t s  i n  t h e  f u r n a c e  
t a k i n g  2 s e c o n d s  l o n g e r  t h a n  u n c o a t e d  f u r n a c e s  t o  r e a c h  a t o m i z a t i o n  
t e m p e r a tu r e .  As e x p l a in e d  i n  a  l a t e r  c h a p t e r ,  s e n s i t i v i t y  o f  f l a m e l e s s  
AAS i s  r e l a t e d  t o  t h e  r a t e  o f  h e a t i n g  o f  t h e  f u r n a c e .  I n  a d d i t i o n ,  t h e  
m e t a l s  d e t e r m i n e d  i n  t h i s  s t u d y  w e r e  Pb a n d  Cu w h ic h  a r e  r e l a t i v e l y  
e a s y  to  a to m iz e .  I f  more r e f r a c t o r y  m e ta l s  w ere  u sed  ( i . e . ,  Al o r  Be), 
a  h i g h e r  a t o m i z a t i o n  t e m p e r a t u r e  w o u ld  b e  r e q u i r e d ,  w h ic h  w o u ld  
i n c r e a s e  e v e n  m o re  t h e  t i m e  r e q u i r e d  f o r  t h e  f u r n a c e  t o  r e a c h  
a t o m i z a t i o n  t e m p e r a t u r e .  As w i t h  som e o f  t h e  o t h e r  m e th o d s  t h e  
e x t e r i o r  o f  t h e  f u r n a c e  i n  l e f t  u n p r o te c te d .
Ihs. £r.Qpag.9,d .Coating P.r.osa.&UEg.
I n  an  a t t e m p t  t o  im prove  a n a l y t i c a l  p e r fo rm a n c e  o f  c a r b i d e  c o a te d  
f u r n a c e s ,  we have  d e v i s e d  a  new c o a t in g  p ro c e d u re  w h ich  s h o u ld  n o t  have  
t h e  d i s a d v a n t a g e s  o f  t h e  o l d e r  p r o c e d u r e s ,  w h i l e  r e t a i n i n g  t h e i r  
r e s p e c t i v e  a d v a n ta g e s .  The p ro c e d u re  we p ro p o s e  i s  s i m i l a r  t o  th e  ones  
i n  w h ich  u n c o a te d  f u r n a c e s  a r e  p la c e d  i n  m e ta l  s a l t  s o l u t i o n s  However, 
i n  p l a c e  o f  m e t a l  s a l t  s o l u t i o n ,  l i q u i d  m e t a l  c h l o r i d e  i s  u s e d  t o  
i m p r e g n a t e  t h e  f u r n a c e .  A f t e r  i m p r e g n a t i o n ,  f u r n a c e s  a r e  p l a c e d  i n  
w a te r  to  h y d ro ly z e  m e ta l  c h l o r i d e  t o  m e ta l  o x id e .  When t h i s  c o n v e r s io n  
i s  c o m p l e t e ,  t h e  f u r n a c e s  a r e  p l a c e d  i n  t h e  a t o m i z e r ,  d r i e d  and  t h e n  
f i r e d  a t  a  h i g h  e n o u g h  t e m p e r a t u r e  t o  e n s u r e  t h e  f o r m a t i o n  o f  t h e
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D is a d v a n ta g e s  oL ih e .  .C oa ting  Erp.ce.dur.aa
M o st o f  t h e  c o a t i n g  p r o c e d u r e s  r e p o r t e d  h a v e  show n  f a v o r a b l e  
r e s u l t s .  H o w e v e r ,  we f e e l  t h a t  t h e r e  a r e  w e a k n e s s e s  i n  som e o f  t h e  
p r o c e d u r e s  w h ic h ,  i f  e l i m i n a t e d ,  w o u ld  r e s u l t  i n  m o re  a n a l y t i c a l l y  
u s e f u l  c o a te d  f u r n a c e s .
The p r o c e d u r e s  w h ic h  r e q u i r e  i n j e c t i o n  o f  m e t a l  s o l u t i o n s  a s  a  
p r e t r e a t m e n t  ( 3 6 , 39 , 4 0 ,  4 1 ,  42 ) f o rm  c a r b i d e  o n l y  on  t h e  i n t e r i o r  
s u r f a c e  o f  t h e  f u r n a c e ,  l e a v i n g  t h e  e x t e r i o r  s u r f a c e  e x p o s e d  t o  
o x id a t io n .  R e p r o d u c i b i l i t y  o f  t h e  c o a t in g  seem s t o  be poor.  R unnels  
(36) r e p o r t s  en h an c em en ts  v a r y in g  from  2.2 t o  12.8 f o r  f u r n a c e s  c o a te d  
by t h e  sam e  p r o c e d u r e .  I n  a d d i t i o n ,  t h e  c a r b i d e  l a y e r  may be 
p r o g r e s s i v e l y  worn o f f ,  e s p e c i a l l y  i f  c o n t in u e d  h ig h  t e m p e r a t u r e s  a r e  
used . Such a  l o s s  r e s u l t s  i n  a  c h an g in g  s e n s i t i v i t y  upon u s e ,  r e d u c in g  
p r e c i s i o n .
P r o c e d u r e s  w h ic h  u s e  t h e  c a r b i d e  c o a t i n g  a s  p a r t  o f  t h e  s a m p l e  
m a t r i x  (43, 44) a l s o  l e a v e  th e  e x t e r i o r  o f  t h e  f u r n a c e  u n p r o t e c t e d  and 
th e  r e p r o d u c i b i l i t y  o f  t h e  c o a t i n g  ( i f  one i s  a c t u a l l y  o b ta in e d )  m ust 
be q u e s t i o n e d .  The p o s s i b i l i t y  o f  t r a p p i n g  a n a l y t e  a to m s  i n  p o r e s  o f  
th e  g r a p h i t e  b e n e a th  t h e  c a r b i d e  l a y e r  w i th  s u b se q u e n t  r e l e a s e ,  c a u s in g  
memory e f f e c t s ,  c a n n o t  be ex c lu d e d .  A l t e r n a t i n g  i n j e c t i o n s  w i th  sam p le  
and c a r b i d e  f o r m e r  seem s t o  n e e d l e s s l y  w a s te  t h e  u s e f u l  l i f e t i m e  o f  th e  
f u r n a c e .
A pply ing  c a r b i d e  c o a t i n g s  by so a k in g  i n  a  s o l u t i o n  o f  m e ta l  (34, 
45 , 4 6 ,  47 , 48) p l a c e s  c o a t i n g  on b o t h  e x t e r i o r  an d  i n t e r i o r  s u r f a c e s  
b u t  w i th o u t  im p r e g n a t io n  u n d e r  red u c e d  p r e s s u r e ,  p e n e t r a t i o n  i n t o  th e
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r e s p e c t i v e  m e ta l  c a r b i d e .
The m a in  a d v a n t a g e  o f  u s i n g  a  p u r e  com pound  t o  i m p r e g n a t e  t h e  
f u r n a c e ,  r a t h e r  th a n  a  d i l u t e  m e ta l  s a l t  s o l u t i o n ,  i s  t h a t  t h e  p o r e s  o f  
t h e  g r a p h i t e  s h o u ld  be f i l l e d  w i th  more c a r b i d e  fo rm in g  m e ta l ,  a l l o w in g  
more c a r b i d e  t o  be fo rm ed  on t h e  fu rn a c e .  An i n c r e a s e  i n  t h e  am ount o f  
c a r b i d e ,  r e l a t i v e  t o  o t h e r  p r o c e d u r e s ,  s h o u ld  r e s u l t  i n  a  more c o m p le te  
c o a t i n g  a n d  r e d u c e d  p o r o s i t y  c o m p a re d  t o  f u r n a c e s  c o a t e d  by o t h e r  
p r o c e d u r e s .  T h i s  s h o u l d  p r o d u c e  m ore  s e n s i t i v e  f u r n a c e s  due  t o  
d e c r e a s e d  d i f f u s i o n  t h r o u g h  t h e  f u r n a c e  w a l l  a s  a  c o n s e q u e n c e  o f  t h e  
red u ce d  p o r o s i t y .  I n  a d d i t i o n ,  t h e  more c o m p le te  c o a t i n g  i s o l a t e s  th e  
g r a p h i t e  from  th e  sam p le  more e f f e c t i v e l y ,  p r e v e n t in g  th e  f o r m a t io n  o f  
c a r b i d e s  an d  i n t e r c a l a t i o n  co m p o u n d s .  A r e d u c t i o n  i n  m em ory  e f f e c t  
s h o u ld  a l s o  be r e a l i z e d .
S i n c e  t h e  m e t a l  c h l o r i d e  i s  a b l e  t o  s o a k  i n t o  t h e  p o r e s  o f  t h e  
f u r n a c e  u n d e r  re d u c e d  p r e s s u r e ,  t h e  c a r b i d e  c o a t i n g  s h o u ld  be p r e s e n t  
i n s i d e  t h e  w a l l s  o f  t h e  f u r n a c e .  Even i f  th e  s u r f a c e  i s  worn away w i th  
u s e  o f  t h e  f u r n a c e ,  a  f r e s h  c a r b i d e  c o a t i n g  i s  e x p o s e d .  T h i s  i s  a 
c l e a r  a d v a n ta g e  o v e r  m e thods w h ich  form  o n ly  s u r f a c e  c a r b i d e  c o a t in g .  
The c o n t in u e d  p re s e n c e  o f  c o a t i n g  s h o u l d  im p r o v e  p r e c i s i o n  s i n c e  t h e  
a t o m i z a t i o n  s u r f a c e  w i l l  n o t  c h a n g e  s i g n i f i c a n t l y .  A more e x t e n s i v e  
c o a t in g  s h o u ld  a l s o  i n c r e a s e  t h e  f u r n a c e  l i f e t i m e .
E x p e r im e n ta l
F.urnacgfi
C o m m e r c i a l l y  a v a i l a b l e  f u r n a c e s  from  tw o m a n u fa c tu r e r s ,  P e r k in -  
E lm e r  C orp .  and  I n s t r u m e n t a t i o n  L a b o r a t o r y  I n c . ,  w e r e  u s e d  f o r  t h i s
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s t u d y .  The d i m e n s i o n s  o f  t h e  f u r n a c e s  a r e  g i v e n  i n  T a b l e  2 - 1 .  The 
P e rk in -E lm e r  g r a p h i t e  f u r n a c e s ,  d e s ig n e d  f o r  u s e  i n  t h e  HGA 7^ a t o m i z e r  
a r e  t u b u l a r  w i th  g ro o v e s  on th e  i n t e r i o r  s u r f a c e  o f  e a c h  end to  p r e v e n t  
l i q u i d  s a m p l e  f ro m  l e a k i n g  o u t  ( F ig .  2 - 2 a ) .  T h r e e  t y p e s  o f  g r a p h i t e  
f u r n a c e s  from  I n s t r u m e n t a t i o n  L a b o ra to ry ,  d e s ig n e d  f o r  u s e  i n  t h e  IL 
655 c o n t r o l l e d  t e m p e r a t u r e  f u r n a c e ,  w ere  u sed  (F ig . 2 -2b ) .  The f i r s t  
ty p e  i s  s i m i l a r  t o  t h e  t u b u l a r  P e rk in -E lm e r  f u r n a c e  b u t  i s  o f  g r e a t e r  
l e n g t h  an d  s m a l l e r  d i a m e t e r  w i t h  f l a r e d  e n d s .  The s e c o n d  t y p e  w as  
t u b u l a r  w i t h  n o n - f l a r e d  ends. T h i s  f u r n a c e  r e q u i r e d  s p e c i a l  co n es  t o  
f i t  i n t o  th e  a to m iz e r .  The t h i r d  ty p e  o f  f u r n a c e  was a l s o  n o n - f l a r e d  
b u t  was p y r o l y t i c a l l y  c o a te d .
The f u r n a c e s  from b o th  m a n u fa c tu r e r s  w ere c o a te d  a s  r e c e i v e d .  
R eag e n ts
M e t a l  c h l o r i d e s  u s e d  f o r  i m p r e g n a t i o n  o f  f u r n a c e s  w e r e  u s e d  a s  
r e c e i v e d  f r o m  t h e  m a n u f a c t u r e r .  T i t a n i u m  t e t r a c h l o r i d e  ( t e c h n i c a l  
g ra d e )  was o b ta in e d  from  F i s h e r  S c i e n t i f i c .  Molybdenum p e n t a c h l o r i d e  
and tu n g s t e n  h e x a c h lo r id e  w ere  o b ta in e d  from  A lfa .
C o a t in g  P_ro.qedmie.i3.
TiClty. F u rn aces  t o  be c o a te d  w ere  p la c e d  i n  a  t h i c k - w a l l e d  125 ml 
E r le n m e y e r  f l a s k  w i t h  a s i d e  arm. Enough TiCljj was added  t o  c o v e r  th e  
f u r n a c e s  c o m p le te ly  and th e  f l a s k  was s e a l e d  and e v a c u a te d ,  e i t h e r  w i th  
a  w a te r  a s p i r a t o r  o r  vacuum pump. Vacuum was c o n t in u e d  u n t i l  no more 
g a s  b u b b le s  w ere  e v o lv e d  from  th e  fu rn a c e .  S u sp en d in g  t h e  f l a s k  i n  an 
u l t r a s o n i c  c l e a n e r  r e d u c e d  t h e  t i m e  r e q u i r e d  f o r  t h e  g a s  b u b b l e s  t o  
s to p  e v o lv in g .  The vacuum was th e n  b roken  and f u r n a c e s  removed w i th
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T ab le  2-1 
F u rn ace  D im ensions
I n n e r
L e n g t h  (mm) D i a m e t e r  (mm) T h i c k n e s s  (mm)
P e rk in -E lm e r
HGA 2100 F u rn a c e  28 6 1 .2
IL  655 F u rn a c e s
F la r e d  3 1 .6  4 .7 5  0 .8






F ig u r e  2 -2 .  G r a p h i t e  f u r n a c e s  u se d  i n  s tu d y  a )  P e rk in -E lm e r  HGA 2100 
f u r n a c e ,  b )  I n s t r u m e n t a t i o n  l a b o r a t o r y  f u r n a c e s  f o r  u s e  





f o r c e p s  and p la c e d  i n  d i s t i l l e d  w a te r  f o r  24 h o u rs .  A f t e r  rem o v a l  from  
t h e  w a t e r ,  f u r n a c e s  w e r e  d r i e d  i n  t h e  HGA f o r  1200 s e c o n d s  a t  120 °C, 
10 seco n d s  a t  500 °C and 30 s e c o n d s  a t  1800 °C.
MoClr- an d  WClg. S i n c e  b o t h  MoClg a n d  WClg a r e  s o l i d s  a t  room  
t e m p e r a t u r e ,  t h e y  m u s t  be  h e a t e d  t o  t h e i r  m e l t i n g  p o i n t s  i n  o r d e r  t o  
i m p r e g n a t e  t h e  f u r n a c e s .  H e a t i n g  w as  d o n e  by p l a c i n g  t h e  f l a s k  i n  a  
s a n d b a th  o r  w i th  a  Bunsen b u r n e r .
S u f f i c i e n t  s o l i d  m e ta l  c h l o r i d e  was p la c e d  i n t o  t h e  f l a s k  t o  c o v e r  
t h e  f u r n a c e s  a f t e r  t h e  s o l i d  had  m e l te d .  The f l a s k  was th e n  h e a t e d  to  
s l i g h t l y  a b o v e  t h e  m e l t i n g  p o i n t  o f  t h e  m e t a l  c h l o r i d e  (194  °C f o r  
M0 C I 5 a n d  2 7 5  °C f o r  W C lg ) .  S i n c e  t h e  f l a s k  w a s  o p e n  t o  t h e  
a tm o sp h e re ,  a  s t r e a m  o f  n i t r o g e n  was p a s s e d  i n t o  t h e  f l a s k  th ro u g h  th e  
s i d e  arm  t o  p r e v e n t  h y d r o l y s i s  o f  m e t a l  c h l o r i d e .  When t h e  m e t a l  
c h l o r i d e  had m e l te d ,  t h e  f u r n a c e s  w ere  th e n  p u t  i n t o  th e  f l a s k .  U sing  
a th r e e - w a y  s to p c o c k  c o n n e c te d  t o  t h e  n i t r o g e n  t a n k  and a  vacuum pump, 
th e  n i t r o g e n  f lo w  was s to p p e d  and a  vacuum a p p l i e d  a f t e r  t h e  f l a s k  was 
s e a l e d .  The r e m a i n d e r  o f  t h e  p r o c e d u r e  w as  t h e  sam e a s  f o r  T i C l^  
im p re g n a t io n .
F u rnace  C h a r a c t e r i z a t i o n
C o a t in g s  on th e  f u r n a c e s  w ere  s t u d i e d  by a  v a r i e t y  o f  m e thods  t o  
d e te r m in e :  a) th e  am ount o f  c o a t i n g  on th e  f u r n a c e ,  b) th e  c h e m ic a l  
c o m p o s i t io n  o f  t h e  c o a t i n g ,  and c) t h e  l i f e t i m e  o f  t h e  c o a t in g .
To d e te r m in e  t h e  am ount o f  c a r b i d e  fo rm ed , f u r n a c e s  w ere  w eighed  
t h r e e  t i m e s  d u r i n g  t h e  c o u r s e  o f  t h e  i m p r e g n a t i o n  p r o c e d u r e :  a )
b e f o r e  th e  p ro c e d u re  was s t a r t e d ,  b) a f t e r  t h e  f u r n a c e  had  been  soaked
/
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and d r i e d  a t  t h e  low  t e m p e r a t u r e s ,  and c) a f t e r  t h e  h ig h  t e m p e r a t u r e  
f i r i n g .  The f i n a l  tw o  w e i g h i n g s  a l s o  g i v e  i n f o r m a t i o n  on  t h e  
e f f i c i e n c y  o f  t h e  c o n v e r s io n  o f  t h e  m e ta l  o x id e  t o  m e ta l  c a r b i d e .
The c h e m i c a l  c o m p o s i t i o n  o f  c o a t i n g s  w as  s t u d i e d  by E l e c t r o n  
S p e c t r o s c o p y  f o r  C h e m i c a l  A n a l y s i s  (E SC A ); S c a n n i n g  E l e c t r o n  
M icroscopy  (SEM); E nergy D i s p e r s iv e  X -ray  A n a ly s i s  (EDAX) and by X -ray  
d i f f r a c t i o n .
F o r  t h e  SEM an d  EDAX s t u d i e s ,  c o a t e d  f u r n a c e s  w e r e  s p l i t  
l e n g t h w i s e .  I n t e r i o r  a n d  e x t e r i o r  s u r f a c e s  w e r e  s a m p l e d  a l o n g  w i t h  
f r a c t u r e  s u r f a c e s .
X -ray  d i f f r a c t i o n  s t u d i e s  w ere  c a r r i e d  o u t  by g r i n d i n g  f u r n a c e s  t o  
a  pow der a t  d i f f e r e n t  p o i n t s  d u r in g  t h e  c o a t i n g  p ro c e d u re .  The pow ders  
w ere  mounted on g l a s s  m ic ro sc o p e  s l i d e s  w i th  a  n o n - c r y s t a l l i n e  a d h e s iv e  
an d  t h e n  p l a c e d  i n  t h e  d i f f r a c t i o n  i n s t r u m e n t  f o r  a n a l y s i s .  T h e s e  
sam p le s  gave  i n f o r m a t i o n  on t h e  c h e m ic a l  c o m p o s i t io n  o f  th e  c o a t i n g  a t  
v a r i o u s  p o i n t s  i n  t h e  p ro c e d u re .
The l i f e t i m e  o f  t h e  c o a t i n g s  w as  s t u d i e d  u s i n g  an  IL  951 a t o m i c  
a b s o r p t i o n  s p e c t r o p h o t o m e t e r .  A to m ic  a b s o r p t i o n  o f  t h e  p a r e n t  
t r a n s i t i o n  e le m e n t  o f  t h e  c a r b i d e  c o a t i n g  was o b s e rv e d  a s  a f u n c t i o n  o f  
t h e  number o f  f i r i n g s  o f  t h e  f u rn a c e .  The f u r n a c e s  w ere  c y c le d  th ro u g h  
a s t a n d a r d  a n a l y s i s  p r o c e d u r e  u s i n g  a n  a t o m i z a t i o n  t e m p e r a t u r e  o f  
a p p r o x im a te ly  2700 °C. F u rn a c e s  c o a te d  by a  d i f f e r e n t  method w ere  a l s o  
s t u d i e d  i n  t h i s  m a n n e r .  A f t e r  a  s p e c i f i e d  n u m b e r  o f  f i r i n g s ,  t h e  
f u r n a c e s  w ere  th e n  a n a ly z e d  by EDAX to  d e te r m in e  w h e th e r  c o a t in g  was 
s t i l l  p r e s e n t .
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When TICljj im p re g n a te d  f u r n a c e s  a r e  p la c e d  i n  d i s t i l l e d  w a te r ,  th e  
m e ta l  c h l o r i d e  i s  r a p i d l y  h y d ro ly z e d  to  m e ta l  h y d ro x id e  a c c o r d in g  t o  
th e  r e a c t i o n  (4 9 ) :
TiC l|,  + 4H20------- > T i ( O H ) 4 + 4HC1
A f t e r  s o a k in g ,  th e  f u r n a c e  i s  removed from  th e  w a te r  and d r i e d  to  form  
th e  o x id e .  The i n c r e a s e d  w e ig h t  o b s e rv e d  i s  due t o  i n f u s e d  T i0 2 (T ab le  
2- 2 ).
F o rm a t io n  o f  t h e  c a r b i d e  f o l l o w s  th e  r e a c t i o n  (5 0 ) :
T i0 2 + 3C > T i C  + 2C0
w hich , a c c o r d in g  t o  th e rm o d y n am ic  c a l c u l a t i o n ,  i s  sp o n ta n e o u s  a t  th e  
t e m p e r a t u r e  o f  t h e  f i n a l  h e a t i n g  c y c le .  As a  consequence  o f  th e  h ig h  
t e m p e r a t u r e  f i r i n g ,  th e  f u r n a c e  e x h i b i t s  a r e d u c t i o n  i n  w e ig h t  due t o  
th e  l o s s  o f  CO gas .  From a  r a t i o  o f  t h e  m o le c u la r  w e ig h t s  o f  th e  T i0 2 , 
w h ic h  i s  r e s p o n s i b l e  f o r  t h e  i n c r e a s e  i n  w e i g h t ,  an d  t h e  CO, i t  i s  
p o s s i b l e  t o  c a l c u l a t e  t h e  w e i g h t  f u r n a c e s  s h o u l d  t h e o r e t i c a l l y  l o s e .  
The c a l c u l a t i o n ,  sh o w n  i n  T a b l e  2 - 3 ,  p r e d i c t s  t h e  l o s s  o f  70?  o f  t h e  
w e ig h t  o f  t h e  i n f u s e d  T i0 2 .
W eight d a t a  f o r  t h r e e  t y p i c a l  f u r n a c e s  im p re g n a te d  w i th  TiCljj a r e  
g i v e n  i n  T a b l e  2 - 2 .  The d a t a  i n  c o lu m n  3 i n d i c a t e  t h a t  som e T i 0 2 i s  
b e i n g  f o r m e d  on t h e  g r a p h i t e ,  s i n c e  a l l  t h r e e  f u r n a c e s  show  a  m o d e s t  
i n c r e a s e  i n  w e ig h t .  Assuming c o n v e r s io n  o f  a l l  T i0 2 on th e  f u r n a c e s  t o
T ab le  2-2  
W eight D ata  F o r  TiC C oated F u rn a c e s
F u rn ace  Wt. b e f o r e  Wt. a f t e r  Wt. g a in  due Wt. a f t e r  h ig h  Wt. l o s s  % l o s s
T iC l^  im p re g n a t io n  D rying  t o  temp, f i r i n g
A 0 .7895 0 .8040  0 .0145 0 .7931  0 .0109 7 5 .2
B 0 .7847 0 .7994 0 .0147 0 .7894 0 .0100  68




T a b le  2-3  
C a l c u l a t i o n  o f  T h e o r e t i c a l  W eight L oss





x 100 = 70%( T i0 2) 80
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TiC, we can  c a l c u l a t e  t h e  w e ig h t  o f  c a r b i d e  e x p e c te d  t o  be fo rm ed . For 
f u r n a c e s  A, B and C, t h e  w e ig h t  o f  t h e  c a r b i d e  fo rm ed  i s  10.9 mg. 11 mg 
and 7-1* mg, r e s p e c t i v e l y .  T h is  am ount o f  c a r b i d e  c o a t i n g  i s  l e s s  th a n  
e x p e c t e d .  The w e i g h t  l o s s  d a t a  s u g g e s t s  t h e  c o n v e r s i o n  o f  o x i d e  t o  
c a r b i d e  i s  e f f i c i e n t .  The s m a l l  am ount o f  c a r b i d e  fo rm ed  may be due t o  
t h e  f a c t  t h a t  t h e  T iC l^  d o e s  n o t  p e n e t r a t e  a s  f a r  i n t o  t h e  g r a p h i t e  a s  
o r i g i n a l l y  a n t i c i p a t e d ,  l i m i t i n g  t h e  a m o u n t  o f  T i C l^  w h ic h  c a n  be 
i m p r e g n a t e d .  D a ta  p r e s e n t e d  i n  a  l a t e r  s e c t i o n  w i l l  c o n f i r m  t h e  
p r e s e n c e  o f  a  c o a t i n g .
The a m o u n t  o f  w e i g h t  l o s t  d u r i n g  t h e  h i g h  t e m p e r a t u r e  f i r i n g  i s  
v e r y  c l o s e  t o  t h e  p r e d i c t e d  70%, w h ich  s u p p o r t s  t h e  a s s u m p t io n  t h a t  t h e  
p r o c e d u r e s  a r e  c o n v e r t i n g  t h e  T i C l^  t o  t h e  o x i d e  an d  t h e n  t o  t h e  
c a r b i d e .  The v a l u e s  w h ic h  a r e  s l i g h t l y  h i g h e r  t h a n  p r e d i c t e d  a r e  
p r o b a b ly  due t o  some o f  t h e  f u r n a c e  g r a p h i t e  a l s o  b e in g  l o s t  d u r in g  t h e  
h ig h  t e m p e r a t u r e  f i r i n g .  T h is  p ro b a b ly  means t h a t  t h e  c o a t i n g  does  n o t  
c o m p le te ly  s e a l  t h e  g r a p h i t e  s u r f a c e .  When o t h e r  b a tc h e s  o f  f u r n a c e s  
w e r e  i m p r e g n a t e d  w i t h  T i C l ^ ,  t h e  p e r c e n t  w e i g h t  l o s s e s  w e r e  a l s o  
u s u a l l y  a l i t t l e  g r e a t e r  th a n  7056.
I n  a n  a t t e m p t  t o  d e t e r m i n e  i f  t h e  p o r o s i t y  o f  t h e  f u r n a c e s  w as  
r e d u c e d ,  one o f  t h e  t r e a t e d  f u r n a c e s  was r e - im p r e g n a t e d  and s u b j e c t e d  
t o  t h e  same h e a t i n g  c y c l e s .  D uring  th e  second  im p r e g n a t io n ,  v e ry  few 
g a s  b u b b l e s  w e r e  e v o l v e d  a n d  w e i g h t  g a i n  d u e  t o  o x i d e  f o r m a t i o n  w as  
l e s s  t h a n  1 / 3  o f  t h e  w e i g h t  g a i n  i n  t h e  i n i t i a l  i m p r e g n a t i o n .  T h i s  
i n d i c a t e s  t h a t  t h e  p o r o s i t y  o f  t h e  f u r n a c e s  i s  r e d u c e d  c o n s i d e r a b l y  
w i th  t h i s  c o a t i n g  p ro c e d u re .
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Molybdenum a n d  Xungat.en Ifflprsgnaked  F.ur.nacejs
The m e ta l  c h l o r i d e s ,  MoClg and WClg, a r e  a l s o  h y d ro ly z e d  by w a t e r  
t o  m i x t u r e s  o f  m e t a l  o x i d e s  (4 9 )  a n d  u l t i m a t e l y ,  u p o n  h e a t i n g ,  t h e  
t r i o x i d e s  a r e  fo rm ed  (49). When f u r n a c e s  im p re g n a te d  w i th  t h e s e  m e ta l  
c h l o r i d e s  a r e  p l a c e d  i n  d i s t i l l e d  w a t e r ,  t h e n  r e m o v e d  a n d  d r i e d ,  t h e  
f o r m a t io n  o f  MoO^ and W0 3 s h o u ld  be r e s p o n s i b l e  f o r  any w e ig h t  i n c r e a s e .
The c a r b i d e  f o r m i n g  r e a c t i o n s  f o r  m o ly b d en u m  an d  t u n g s t e n  a r e ,  
r e s p e c t i v e l y :
Mo03 + 4C — >  MoC + 3C0
W03 + 4C ----->  WC + 3C0
B o th  o f  t h e s e  r e a c t i o n s  h a v e  b e e n  o b s e r v e d  a t  t h e  t e m p e r a t u r e  o f  t h e  
f i n a l  h e a t i n g  c y c l e  ( 3 7 » 3 8 ) .
By p e r f o r m i n g  a  c a l c u l a t i o n  a n a l o g o u s  t o  t h e  o n e  d e s c r i b e d  f o r  
t i t a n i u m  we c a n  p r e d i c t  t h e  w e i g h t  l o s s  by t h e  f u r n a c e s  d u r i n g  t h e  
c o n v e r s io n  o f  o x id e  t o  c a r b i d e .  The am ount o f  w e ig h t  l o s t  d u r in g  th e  
t h e  h ig h  t e m p e r a t u r e  f i r i n g  s h o u ld  be 39/S f o r  Mo and 24$ f o r  W t r e a t e d  
f u r n a c e s .
W eigh t d a t a  f o r  b o th  MoCl^ and WClg f u r n a c e s  a r e  shown i n  T ab le  2 -  
4. F o r  b o t h  t y p e s  o f  f u r n a c e s ,  t h e r e  i s  p o o r  a g r e e m e n t  b e t w e e n  t h e  
p r e d i c t e d  a n d  o b s e r v e d  w e i g h t  l o s s e s .  I n  m o s t  c a s e s ,  t h e  o b s e r v e d  
w e ig h t  l o s s  i s  much g r e a t e r  th a n  e x p e c te d .  I n  a d d i t i o n ,  t h e  am ount o f  
w e ig h t  g a in e d  by i n d i v i d u a l  f u r n a c e s  v a r i e s  c o n s id e r a b ly  more th a n  w i th  
T iC l^  im p re g n a t io n .
Table 2-4
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d e n o te s  a  f u r n a c e  c o a te d  a t  a  d i f f e r e n t  t im e  from th e  r e s t .  A l l  w e ig h ts  a r e  i n  grams.
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The p oo r  a g re e m e n ts  f o r  w e ig h t  l o s s  may be due t o  i n t e r c a l a t i o n  o f  
th e  m e ta l  c h l o r i d e s .  Both  MoCl^ and WClg a r e  known t o  be i n t e r c a l a t e d ,  
w h i l e  TiCljj i s  n o t  (24). O c c a s io n a l ly ,  upon im p r e g n a t io n  w i th  MoCl^, 
t h e  g r a p h i t e  f u r n a c e s  became defo rm ed  and e x f o l i a t e d  g r a p h i t e ,  w hich  i s  
c o n s i s t e n t  w i th  f o r m a t io n  o f  i n t e r c a l a t i o n  compounds o f  g r a p h i t e .  The 
f u r n a c e s  a l s o  h a d  a  b l u e  i r i d e s c e n c e ,  w h ic h  i s  a l s o  c o n s i s t e n t  w i t h  
i n t e r c a l a t i o n  o f  m e ta l  c h l o r i d e s  (51). A lso , MoO^ can be s u b l im e d  from  
g r a p h i t e  by h e a t i n g  (52). I f  MoOg i s  p r e s e n t  on th e  f u r n a c e s ,  l o s s  by 
s u b l i m a t i o n  w ould  a l s o  a c c o u n t  f o r  t h e  l a r g e  w e ig h t  l o s s e s .
A no ther  p o s s i b l e  e x p l a n a t i o n  f o r  th e  l a r g e  w e ig h t  l o s s e s  i s  t h a t  
t h e  c a r b i d e  f o r m i n g  r e a c t i o n s  t h a t  h a v e  b e e n  a s s u m e d  do n o t  o c c u r  
e x a c t l y  a s  e x p e c te d .  The s t a r t i n g  m a t e r i a l s  may n o t  be MoO^ and WOg, 
b u t  d i f f e r e n t  o x i d e s  o r  m i x t u r e s  o f  o x i d e s .  A ls o ,  b o t h  Mo a n d  W a r e  
c a p a b l e  o f  f o r m i n g  c a r b i d e s  o f  v a r y i n g  s t o i c h i o m e t r i e s  ( 3 7 , 3 8 ).
F o rm a t io n  o f  more th a n  one c a r b i d e  would  make th e  w e ig h t  l o s s  d i f f i c u l t  
t o  p r e d i c t .  X - r a y  d i f f r a c t i o n  w as  u s e d  t o  a d d r e s s  t h e s e  q u e s t i o n s .  
These d a t a  a r e  p r e s e n t e d  l a t e r  i n  t h i s  c h a p t e r .
V a r i a b i l i t y  o f  w e ig h t  g a in  f o r  each  f u r n a c e  may be a t t r i b u t e d  to  
two c a u s e s .  F i r s t ,  n o t  a l l  t h e  f u r n a c e s  i n  T ab le  2-4  w ere  im p re g n a te d  
a t  t h e  sam e t i m e .  F o r  t h e  Mo i m p r e g n a t e d  f u r n a c e s ,  B and  C w e re  
im p re g n a te d  a t  th e  same t i m e ,  w h i l e  f o r  t h e  W im p re g n a te d  f u r n a c e s ,  E, 
F a n d  G w e re  c o a t e d  t o g e t h e r .  The d i f f e r e n c e  b e t w e e n  t h e  b a t c h e s  i s  
due  t o  t h e  f a c t  t h a t  b o t h  o f  t h e  m e t a l  c h l o r i d e s  fo rm  o p a q u e  l i q u i d s  
w h ic h  ' c r e e p '  up t h e  s i d e s  o f  t h e  f l a s k  d u r i n g  t h e  p r o c e d u r e .  T h i s  
p r e v e n t s  t h e  p r o c e d u r e  f r o m  b e i n g  m o n i t o r e d  a s  e a s i l y  a s  t h e  T iC l^  
im p re g n a t io n .  The second  r e a s o n  f o r  th e  w e ig h t  v a r i a t i o n ,  e s p e c i a l l y
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w i t h i n  t h e  b a t c h e s ,  i s  t h a t  t h e  p e n e t r a t i o n  o f  t h e  l i q u i d  m e t a l  
c h l o r i d e s  may be d i f f i c u l t  due t o  t h e i r  h ig h  v i s c o s i t y ,  w h ich  i n  t u r n  
v a r i e s  w i th  t e m p e r a tu r e .
E ven  w i t h  t h e s e  d i f f i c u l t i e s ,  som e c o a t i n g  i s  o b t a i n e d  an d  t h e  
p o r o s i t y  o f  t h e  f u r n a c e s  i s  red u c e d .  F u rn a c e s  w h ich  had been  th ro u g h  
t h e  c o m p le te  Mo and W c y c l e s  w ere  r e - im p r e g n a t e d  w i t h  T iC l^ . A v e ry  
s m a l l  am ount o f  g a s  was e v o lv e d  from  th e  f u r n a c e s  and th e y  e x h i b i t e d  
v e r y  s m a l l  w e ig h t  g a i n s .
A l l  o f  t h e  i m p r e g n a t i o n  p r o c e d u r e s  seem  t o  p u t  a  c o a t i n g  on  t h e  
f u r n a c e s ,  th o u g h  t h e  a m o u n t  o f  c o a t i n g  i s  n o t  a s  g r e a t  a s  e x p e c t e d .  
For t h e  T i  im p re g n a te d  f u r n a c e s ,  t h e  w e ig h t  d a t a  s u g g e s t  th e  p r e s e n c e  
o f  a  s i n g l e  c a r b i d e  and t h e  w e ig h t  l o s s e s  a r e  r e p r o d u c i b l e  from  b a tc h  
t o  b a tc h .  The i d e n t i t i e s  o f  th e  c o a t i n g s  on th e  Mo and W f u r n a c e s  a r e  
n o t  a s  c e r t a i n  and r e q u i r e  f u r t h e r  s tu d y .
ESCA and Auger D ata
The r e s u l t s  o f  ESCA and Auger e x p e r im e n t s  on f u r n a c e s  im p re g n a te d  
w i th  l i q u i d  m e ta l  c h l o r i d e s  and c o a te d  by o t h e r  m ethods  (42, 47) gave 
a m b ig u o u s  r e s u l t s .  I t  w as  e x p e c t e d  t h a t  t h e s e  e x p e r i m e n t s  w o u ld  
c o n f i rm  t h e  p r e s c e n c e  o f  c a r b i d e  on t h e  f u r n a c e s  and p o s s i b l y  i d e n t i f y  
t h e  s p e c i e s  p r e s e n t  on t h e  Mo and W f u r n a c e s .
I n  c o n t r a s t  t o  t h e  w e i g h t  d a t a ,  A u g e r  a n a l y s i s  r e v e a l e d  
c o n s i d e r a b l e  a s s o c i a t i o n  o f  T i  w i t h  0 ,  r a t h e r  t h a n  w i t h  c a r b o n ,  
s u g g e s t i n g  t h a t  t h e  c o n v e r s i o n  o f  o x i d e  t o  c a r b i d e  w as  c o n s i d e r a b l y  
l e s s  e f f i c i e n t  th a n  o r i g i n a l l y  b e l i e v e d .  The f u r n a c e s  im p re g n a te d  by 
t h e  C io n i  p ro c e d u re  (42) showed th e  same r e s u l t s .  M easu rem en ts  o f  Ti
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a n d  0 A u g e r  l i n e s  a s  a  f u n c t i o n  o f  p o s i t i o n  on t h e  f u r n a c e s  i n d i c a t e d  
th e  T i - 0  was a s s o c i a t e d  o v e r  t h e  e n t i r e  s u r f a c e  o f  th e  f u r n a c e .
ESCA d a t a  on t h e  T i  i m p r e g n a t e d  f u r n a c e s  s u g g e s t e d  t h a t  som e o f  
t h e  f u r n a c e s  w ere  c o a te d  w i th  a  m ix tu r e  o f  T i0 2 and TiC, w h i l e  o t h e r s  
had  o n ly  T i0 2 p r e s e n t .
The d a t a  f o r  Mo a n d  W f u r n a c e s  w as  s i m i l a r  t o  t h a t  o f  t h e  T i  
i m p r e g n a t e d  f u r n a c e s .  A s s o c i a t i o n  o f  b o t h  m e t a l s  w i t h  o x y g e n  w as  
r e v e a l e d  by  A u g e r  m e a s u r e m e n t s .  ESCA e x p e r i m e n t s  on t h e  W f u r n a c e s  
s u g g e s t e d  t h e  p r e s e n c e  o f  WOg a n d  WC. No ESCA e x p e r i m e n t s  w e r e  
p e r fo rm e d  on t h e  Mo im p re g n a te d  f u r n a c e s .  F u rn a c e s  c o a te d  u s in g  t h e  
Z a tk a  method (4 7 ) ,  gave  s i m i l a r  r e s u l t s .
S in c e  th e  w e ig h t  d a t a  and the rm o d y n am ic  c a l c u l a t i o n s  s u p p o r t  t h e  
f o r m a t i o n  o f  c a r b i d e ,  t h e  p r e s e n c e  o f  c o n s i d e r a b l e  am oun ts  o f  T i0 2 on 
t h e  f u r n a c e s  may be a  s u r f a c e  e f f e c t .  The am ount o f  t im e  w hich  e l a p s e d  
b e t w e e n  t h e  a p p l i c a t i o n  o f  c a r b i d e  c o a t i n g  and  t h e  ESCA a n d  A u g er  
m e asu re m en ts  was a  few  m onths. Even though  TiC i s  s t a b l e  a t  room te m p -  
p e r a t u r e ,  s u r f a c e  l a y e r s  o f  T i o x id e s  a r e  known t o  fo rm  on th e  c a r b i d e  
(3 7 ,  3 8 ) .  F u r n a c e s  w e r e  n o t  s t o r e d  i n  a n  i n e r t  a t m o s p h e r e ,  m a k in g  
p o s s i b l e  t h e  f o r m a t io n  o f  an  o x id e  l a y e r  on e x te n d e d  e x p o s u re  t o  a i r .  
ESCA m e asu re m en ts  made on a  TiC s t a n d a r d  a l s o  i n d i c a t e d  an o x id e  l a y e r ,  
w h ich  s u p p o r t s  t h e  s u r f a c e  e f f e c t  e x p l a n a t i o n .  S in c e  ESCA i s  a s u r f a c e  
te c h n iq u e ,  s a m p l in g  a p p r o x im a te ly  t h e  to p  10 A, th e  d a t a  o b t a in e d  may 
n o t  be r e p r e s e n t a t i v e  o f  t h e  b u lk  s p e c i e s .
The p r e s e n c e  o f  o x id e s  on th e  Mo and W im p re g n a te d  f u r n a c e s  may be 
d u e  t o  t h e  f a c t  t h a t  t h e  h i g h  t e m p e r a t u r e  f i r i n g  o f  1800 °C f o r  30
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s e c o n d s  may n o t  be l o n g  e n o u g h  t o  c o n v e r t  o x i d e  t o  a  c a r b i d e .  
F o rm a t io n  o f  WC from  WOg and C e n t a i l s  t h e  f o r m a t io n  o f  i n t e r m e d i a t e  
o x i d e s  f r o m  t h e  r e a c t i o n  o f  W an d  u n r e a c t e d  WO^. C a r b i d e  i s  f o r m e d  
o n l y  a f t e r  o x i d e s  h a v e  b e e n  e l i m i n a t e d  (3 8 ) .  To fo rm  t h e  d e s i r e d  
c a r b i d e s ,  m o d i f i c a t i o n  o f  t h e  c o a t i n g  p r o c e d u r e  by i n c r e a s i n g  t h e  
d u r a t i o n  o f  t h e  h ig h  t e m p e r a t u r e  f i r i n g  may be n e c e s s a r y .
SM  M  SEM MIA
F u r n a c e s  i m p r e g n a t e d  b o t h  by u s i n g  m e t a l  c h l o r i d e s  a n d  by t h e  
C io n i  p ro c e d u re  (42) w e re  s t u d i e d  u s in g  E nergy  D i s p e r s iv e  A n a ly s i s  by 
X -ra y s  (EDAX) i n  c o m b in a t io n  w i th  a  S can n in g  E l e c t r o n  M icroscopy  (SEM). 
A c o n s i d e r a b l e  am ount o f  i n f o r m a t i o n  was o b ta in e d  th ro u g h  t h e s e  t e c h n i ­
ques .  W ith  t h e  SEM, th e  p r e s e n c e  o f  c o a t i n g s  was v e r i f i e d  from  p h o to ­
m ic ro g ra p h s  o f  an  unu sed  TiC c o a te d  f u r n a c e  (F ig .  2 -3 )  and an  u n c o a te d  
f u r n a c e  (F ig .  2 -4 )  ea c h  a t  300X. The TiC c o a t i n g  was found on b o th  th e  
i n t e r i o r  and e x t e r i o r  s u r f a c e s .  The rough  a p p e a ra n c e  o f  t h e  c o a t i n g  i s  
due t o  s u r f a c e  i m p e r f e c t i o n s  i n  t h e  s u b s t r a t e  g r a p h i t e .  EDAX m e a su re ­
m en ts  co n f irm ed  t h e  p r e s e n c e  o f  T i  i n  t h e  c o a t i n g .
As s u s p e c te d ,  t h e  c o a t i n g  does  n o t  c o m p le te ly  s e a l  t h e  g r a p h i t e .  
F i g .  2 - 5  i s  a  h i g h  m a g n i f i c a t i o n  (X 2000) o f  a  d i f f e r e n t  TiC c o a t e d  
f u r n a c e .  Though a  c o a t i n g  i s  p r e s e n t ,  g r a p h i t e  i s  s t i l l  exposed . I n ­
s p e c t i o n  o f  t h e  s u r f a c e  w i t h  t h e  SEM showed th e  c o a t in g  t o  be p r e s e n t  
m a i n l y  i n  t h e  'h o l e s *  i n  t h e  g r a p h i t e  s u r f a c e .  S i m i l a r  r e s u l t s  h a v e  
been  r e p o r t e d  by o t h e r  w o rk e rs  u s in g  SEM m ic ro sco p y  (4 8 ) .
A p h o to m ic ro g ra p h  o f  an unused  MoC im p re g n a te d  f u r n a c e  i s  shown i n  




F ig u r e  2 - 3 .  SEM p h o to m ic ro g ra p h  o f  an  u n u sed  TiC c o a t e d  f u r n a c e ,  
(X300)
F ig u r e  2 - 4 .  SEM p h o to m ic ro g ra p h  o f  an  u n u s e d ,  u n c o a te d  f u r n a c e  (X 300).
Figure 2-5. High magnification photomicrograph (X2000) of an unused
TiC coated furnace.
38
Figure 2-6. SEM photomicrograph of an unused MoC coated furnace (X300).
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s u r f a c e  t o  i n c r e a s e  c o n s i d e r a b l y .  As a r e s u l t ,  t h e  f u r n a c e  a p p e a r s  a s  
t h o u g h  i t  h a s  b e e n  u s e d .  The  r o u g h n e s s  a n d  a p p a r e n t  l o s s  o f  g r a p h i t e  
i s  c o n s i s t e n t  w i t h  t h e  i n t e r c a l a t i o n  o f  Mo compounds d i s c u s s e d  e a r l i e r .
WC c o a t e d  f u r n a c e s  w e r e  s i m i l a r  i n  a p p e a r a n c e  t o  t h e  TiC c o a t e d  
f u r n a c e s  b u t  t h e  amount o f  c o a t i n g  p r e s e n t  was  c o n s i d e r a b l y  l e s s .  Due 
t o  t h e  d i f f i c u l t y  i n  o b s e r v i n g  b o th  Mo and W i m p r e g n a t i o n  p r o c e d u r e s ,  
s u r f a c e s  o b s e r v e d  may n o t  be r e p r e s e n t a t i v e  o f  t h e  c o a t i n g s  o b t a i n e d  
w i t h  c o a t i n g  p r o c e d u r e s  p e r fo rm e d  a t  d i f f e r e n t  t i m e s .
To d e t e r m i n e  t h e  d e p t h  o f  p e n e t r a t i o n  o f  t h e  c o a t i n g ,  t h e  f u r n a c e s
w ere  s am p led  a l o n g  a  f r a c t u r e  s u r f a c e .  Using  a s p o t  s i z e  o f  a b o u t  1000 
o
A, EDAX m e a s u r e m e n t s  w e r e  made a t  v a r i o u s  p o i n t s  a l o n g  t h e  f r a c t u r e  
s u r f a c e .  The d a t a  o b t a i n e d  i n d i c a t e d  t h a t  T i C l ^  d o e s  p e n e t r a t e  t h e  
g r a p h i t e  c o m p l e t e l y  d u r i n g  t h e  i m p r e g n a t i o n  p r o c e d u r e .  The amount  o f  
c o a t i n g  fo rm ed ,  however ,  d e c r e a s e s  w i t h  t h e  d i s t a n c e  f rom t h e  i n t e r i o r  
an d  e x t e r i o r  s u r f a c e s .  The SEM r e v e a l e d  c o a t i n g  p a r t i c l e s  on  t h e  
f r a c t u r e  s u r f a c e .
I n  c o n t r a s t  t o  t h e  TiC i m p r e g n a t e d  f u r n a c e s ,  WC i m p r e g n a t e d  
f u r n a c e s  e x h i b i t e d  v i r t u a l l y  no p e n e t r a t i o n  o f  t h e  g r a p h i t e .  T ungs te n  
w as  f o u n d  on  t h e  s u r f a c e  o f  t h e  f u r n a c e ,  b u t  n o t  on  t h e  f r a c t u r e  
s u r f a c e .  I t  i s  f e l t  t h a t  t h i s  r e s u l t  r e f l e c t s  t h e  d i f f i c u l t y  i n  
o b t a i n i n g  r e p r o d u c i b l e  c o a t i n g s  w i t h  t h e  W i m p r e g n a t i o n  p r o c e d u r e .  
N o n e t h e l e s s ,  l i f e t i m e  s t u d i e s  ( d i s c u s s e d  b e l o w )  s u g g e s t  t h a t  some 
p e n e t r a t i o n  o f  t h e  g r a p h i t e  does  o c c u r .
L i f e t i m e s  f o r  t h e  v a r i o u s  c o a t i n g s  w e re  d e t e r m i n e d  by s u b j e c t i n g  
t h e  c o a t e d  f u r n a c e s  t o  a  s p e c i f i e d  n u m b e r  o f  a t o m i z a t i o n  c y c l e s  (0,
/
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175, and 500). A f t e r  t h e  s p e c i f i e d  number o f  c y c l e s ,  t h e  f u r n a c e s  were  
a n a l y z e d  by EDAX. D ur ing  t h e  a t o m i z a t i o n  c y c l e s ,  l o s s  o f  c o a t i n g  was 
m o n i to r e d  by m e a s u r i n g  t h e  a t o m i c  a b s o r p t i o n  o f  t h e  p a r e n t  t r a n s i t i o n  
m e t a l .
R e s u l t s  o f  t h e  TiC c o a t i n g  l i f e t i m e  e x p e r i m e n t  a r e  shown i n  Fig.  
2-7.  For t h e  two f u r n a c e s  c o a t e d  by o u r  method,  T i  a b s o r b a n c e  re m a in e d  
c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  The a b r u p t  d e c r e a s e  i n  T i  
a b s o rb a n c e  i n  one o f  t h e  f u r n a c e s  i s  due t o  t h e  d i f f i c u l t y  i n  r e p r o d u c ­
i n g  t h e  a t o m i z a t i o n  t e m p e r a t u r e  once t h e  f u r n a c e  h a s  been removed and 
r e p l a c e d .  EDAX m e a s u r e m e n t s  on  t h e s e  f u r n a c e s  d e m o n s t r a t e d  t h e  
p r e s e n c e  o f  c o a t i n g  on b o t h  f u r n a c e s .  I n  a d d i t i o n ,  t h e  a m o u n t  o f  
c o a t i n g  w as  f o u n d  t o  be  e q u a l  a t  b o t h  e n d s  a n d  t h e  m i d d l e  o f  t h e  
f u r n a c e ,  w h e r e  t h e  t e m p e r a t u r e  may be m o re  t h a n  500 °C h i g h e r .  The 
a b s o r b a n c e  o f  T i  f r o m  a  f u r n a c e  c o a t e d  by t h e  C i o n i  p r o c e d u r e  (42)  
d e c r e a s e d  c o n t i n u o u s l y  th o u g h o u t  t h e  e x p e r i m e n t ,  becoming u n d e t e c t a b l e  
a t  a b o u t  200 f i r i n g s .  EDAX m e asu re m en ts  on t h i s  f u r n a c e  r e v e a l e d  t h a t  
no T i  w a s  p r e s e n t  on t h e  f u r n a c e .  T h i s  e x p e r i m e n t  c o n f i r m e d  t h e  
o r i g i n a l  b e l i e f  t h a t  f u r n a c e s  c o a t e d  by o u r  method would  have c o a t i n g s  
w hich  would be more r e s i s t a n t  t o  w ear  t h a n  c o a t i n g s  a p p l i e d  by o t h e r  
methods .
The r e s u l t s  o f  s i m i l a r  l i f e t i m e  e x p e r i m e n t s  on WC i m p r e g n a t e d  
f u r n a c e s  i n d i c a t e d  t h a t  W i s  p r e s e n t  on t h e  f u r n a c e s  a f t e r  500 f i r i n g s .  
S in c e  WC i s  more v o l a t i l e  t h a n  TiC (38),  i t  would be e x p e c t e d  t h a t  more 
WC would  be l o s t  d u r i n g  h ig h  t e m p e r a t u r e  f i r i n g s  t h a n  TiC. I f  t h e  WC 
c o a t i n g  d o e s  n o t  p e n e t r a t e  t h e  g r a p h i t e ,  b u t  i s  p r e s e n t  o n l y  on  t h e  
s u r f a c e ,  th e n  i t  i s  r e a s o n a b l e  t o  e x p e c t  t h e  l o s s  o f  mos t ,  i f  n o t  a l l ,
F ig u r e  2-
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1. TiC c o a t i n g  l i f e t i m e  d a t a ,  O  an£* Q c o a t e d  v i a  im p r e g n a t i o n  w i t h  T iC l^ ,  A  c o a t e d  by C ion i  
p r o c e d u r e  (4 2 ) .
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o f  t h e  c o a t i n g  a s  i n  t h e  c a s e  o f  t h e  C i o n i  c o a t e d  f u r n a c e s .  The  
p r e s e n c e  o f  W a f t e r  t h e  500 f i r i n g s  s u g g e s t s  t h a t  t h e  WC c o a t i n g  does  
p e n e t r a t e  t h e  g r a p h i t e ,  b u t  p r o b a b l y  n o t  a s  much a s  t h e  TiC c o a t i n g .
L e s s  work was  p e r f o r m e d  on t h e  Mo c o a t e d  f u r n a c e s  b eca u se  o f  t h e  
d i f f i c u l t y  i n  g e t t i n g  t h e  f u r n a c e s  t o  s u r v i v e  t h e  p ro c e d u re .  R e s u l t s  
o b t a i n e d  w i t h  f u r n a c e s  w h ich  d i d  s u r v i v e  w ere  s i m i l a r  t o  t h o s e  o b t a i n e d  
w i t h  t h e  TiC c o a t e d  f u r n a c e s .  T hough  no l i f e t i m e  s t u d i e s  w e r e  
p e r f o r m e d ,  EDAX r e s u l t s  on Mo i m p r e g n a t e d  f u r n a c e s  used  i n  enhancem en t  
s t u d i e s  (C h a p te r  3) i n d i c a t e d  t h a t  c o a t i n g  was s t i l l  p r e s e n t  when t h e  
f u r n a c e s  c o u l d  no l o n g e r  be  u s e d .  The  f a c t  t h a t  Mo f u r n a c e s  s h o w e d  
c o n s i d e r a b l e  e x f o l i a t i o n  o f  g r a p h i t e  s u g g e s t  t h a t  t h e  MoClg d o e s  
p e n e t r a t e  t h e  g r a p h i t e .
The c o n t r a s t i n g  r e s u l t s  o b t a i n e d  i n  t h e  c o a t i n g  s t u d i e s  o f  t h e  Mo 
and W i m p r e g n a t e d  f u r n a c e s  em p h a s i z e  t h e  d i f f i c u l t y  i n  a p p l y i n g  a  r e ­
p r o d u c i b l e  c o a t i n g  when u s i n g  m e t a l  c h l o r i d e s  which  have h ig h  v i s c o s ­
i t i e s .
X=r.ay: P lffr.as.tlan .Data
X - r a y  d i f f r a c t i o n  p a t t e r n s ,  u s i n g  c o p p e r  Ka^ r a d i a t i o n  ( 1 .5 4 0 5
o
A), w ere  t a k e n  o f  i m p r e g n a t e d  f u r n a c e s .  P a t t e r n s  w ere  made b e f o r e  and 
a f t e r  t h e  h ig h  t e m p e r a t u r e  f i r i n g  t o  d e t e r m i n e  t h e  i d e n t i t i e s  o f  t h e  
o x i d e s  and c a r b i d e s ,  r e s p e c t i v e l y .  The d i f f r a c t i o n  p a t t e r n s  were  made 
t h e  s a m e  d a y  t h e  f u r n a c e s  w e r e  f i r e d  t o  f o r m  t h e  c a r b i d e s .  E x p e r i ­
m e n t a l  p a t t e r n s  w ere  compared  w i t h  c o m p u t e r  g e n e r a t e d  p a t t e r n s  made 
f rom d a t a  i n  t h e  1981 Powder D i f f r a c t i o n  F i l e .




C a rb id e  S p e c i e s  P r e s e n t  On Coated  F u rn aces  
TiC (8F)
WC (2 H ) , W2C (1 2 0 ) ,  W2 (C ,0 )  (F)
MoC (12H),  MoC (8H),  Mo2C (3H),  Mo2C (12H)
Numeral  p r e c e e d i n g  phase  d e s i g n a t i o n  i n d i c a t e s  t h e  number o f  a to m s  p e r  
u n i t  c e l l .
F -  f a c e  c e n t e r e d  c u b i c ,  H -  h e x a g o n a l ,  0 -  p r i m i t i v e  o r th o r h o m b ic
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i n  w hich  t h e y  w ere  p r e s e n t .  S in c e  t h e  f u r n a c e s  were  g round  t o  a powder 
and mixed,  t h e s e  s p e c i e s  a r e  r e p r e s e n t a t i v e  o f  t h e  b u lk  c o m p o s i t i o n  o f  
t h e  c o a t i n g s .
I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  f u r n a c e s  w hich  have  n o t  undergone  t h e  
h ig h  t e m p e r a t u r e  f i r i n g  w i l l  be r e f e r r e d  t o  a s  " o x id e "  f u r n a c e s .
The o n l y  s p e c i e s  p r e s e n t  on  t h e  T i  o x i d e  f u r n a c e  w as  f o u n d  t o  be 
T i 0 2 , a s  o r i g i n a l l y  b e l i e v e d .  I n  a g r e e m e n t  w i t h  t h e  w e i g h t  d a t a  
d i s c u s s e d  e a r l i e r ,  TiC was p r e s e n t  on t h e  f u r n a c e  w hich  had been f i r e d .  
Some s m a l l  p eak s  due t o  T i 0 2 were a l s o  p r e s e n t  ( F ig .  2 - 8 ) .
The s p e c i e s  p r e s e n t  on b o th  t h e  W o x id e  and c a r b i d e  f u r n a c e s  were  
"i m o re  n u m e r o u s  t h a n  t h o s e  on  t h e  T i  f u r n a c e s .  On t h e  o x i d e  f u r n a c e ,  
WOg, W02 , w3°  and  W02 g w e r e  p r e s e n t .  The  c a r b i d e  f u r n a c e  h a d  tw o  
c a r b i d e s ,  a n  o x y c a r b i d e  and  an  o x i d e :  WC, W2 C, W2 (C ,0)  and  W02 ( F i g .
2 -9) .  With  such  a  v a r i e t y  o f  s p e c i e s  p r e s e n t ,  t h e  t h e o r e t i c a l  w e ig h t  
l o s s e s  d e s c r i b e d  e a r l i e r  have  no meaning .
The d i f f r a c t i o n  p a t t e r n  f o r  t h e  Mo c a r b i d e  f u r n a c e  i n d i c a t e d  a 
p a i r  o f  c a r b i d e s :  MoC a n d  Mo2C. The o x i d e  MoOg w as  a l s o  f o u n d  ( F i g .
2 - 1 0 ) .  The p a t t e r n  o f  t h e  o x i d e  f u r n a c e  h a d  no p e a k s ,  e x c e p t  t h o s e  
b e l o n g i n g  t o  g r a p h i t e .  S i n c e  t h e  r e a c t i o n  o f  MoClg w i t h  d i s t i l l e d  
w a t e r  i s  much f a s t e r  t h a n  t h e  r e a c t i o n  o f  t h e  o t h e r  two m e t a l  c h l o r i d e s  
w i t h  w a t e r ,  t h e r e  i s  n o t  enough t i m e  f o r  w e l l - d e f i n e d  c r y s t a l s  t o  form. 
The o x i d e s ( s )  p r e s e n t  a r e  e i t h e r  n o n - c r y s t a l l i n e ,  e x i s t i n g  a s  a  g l a s s  
o r  a r e  t o o  s m a l l  t o  c a u s e  any d i f f r a c t i o n .
I n  summary,  t h e  X -ray  d i f f r a c t i o n  e x p e r i m e n t s  p rove  t h a t  c a r b i d e s  
a r e  i n d e e d  p r e s e n t  on t h e  f u r n a c e s  a f t e r  t h e  h i g h  t e m p e r a t u r e  f i r i n g s .
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Figure 2-8, X-ray diffraction pattern for TiC coated furnace.
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WC<3H) I
F i g u r e  2 -9 .  X - ray  d i f f r a c t i o n  p a t t e r n  f o r  WC c o a t e d  f u r n a c e .
F i g u r e  2 -10 .  X-ray  d i f f r a c t i o n  p a t t e r n  f o r  MoC c o a t e d  f u r n a c e .
55555555555555555H555555555555555
CHAPTER III
ANALYTICAL PERFORMANCE OF THE CARBIDE COATED FURNACES
I n t r o d u c t i o n
C arb id e  c o a t i n g s  a r e  a p p l i e d  t o  g r a p h i t e  f u r n a c e s  f o r  e s s e n t i a l l y  
two r e a s o n s .  F i r s t ,  t h e  a p p l i c a t i o n  o f  t h e  c o a t i n g  i n c r e a s e s  t h e  l i f e ­
t i m e  o f  t h e  f u r n a c e s  by d e c r e a s i n g  o x i d a t i o n  o f  t h e  g r a p h i t e  and making 
i t  m o re  r e s i s t a n t  t o  c o r r o s i v e  r e a g e n t s  (3 2 ,  45 ,  47 ,  48 ,  53 ,  54) .  I n ­
c r e a s e d  l i f e t i m e  d e c r e a s e s  t h e  c o s t  p e r  a n a l y s i s .  Second,  and more im ­
p o r t a n t l y ,  t h e  a n a l y t i c a l  p e r f o r m a n c e  o f  t h e  f u r n a c e  i s  s i g n i f i c a n t l y  
i m p r o v e d  by t h e  a p p l i c a t i o n  o f  c a r b i d e  c o a t i n g s .  C a r b i d e  c o a t e d  
f u r n a c e s  show i n c r e a s e d  s e n s i t i v i t y  f o r  a  number o f  e l e m e n t s ,  p a r t i c ­
u l a r l y  t h o s e  w h i c h  t e n d  t o  f o r m  c a r b i d e s .  I n  a d d i t i o n ,  some w o r k e r s  
h a v e  r e p o r t e d  t h a t  c e r t a i n  t y p e s  o f  i n t e r f e r e n c e s  a r e  r e d u c e d  when 
c a r b i d e  c o a t e d  f u r n a c e s  a r e  used  (55, 56).
The a n a l y t i c a l  p e r f o r m a n c e  o f  t h e  f l a m e l e s s  AAS e x p e r i m e n t  i s  
a f f e c t e d  by a v a r i e t y  o f  p a r a m e t e r s ,  i n c l u d i n g :  a) r a t e  o f  h e a t i n g  o f
t h e  f u r n a c e ,  b) p h y s i c o c h e m i c a l  p r o p e r t i e s  o f  t h e  f u r n a c e  s u r f a c e ,  c) 
m a t e r i a l  u sed  f o r  t h e  c o n s t r u c t i o n  o f  t h e  f u r n a c e ,  d) g e o m e t ry  o f  t h e  
f u r n a c e  ( shape ,  l e n g t h ,  mass and c r o s s - s e c t i o n a l  a r e a )  and e) s p a t i a l  
a n d  t e m p o r a l  t e m p e r a t u r e  v a r i a t i o n  i n  t h e  f u r n a c e  (57 ,  60) .  On t h e  
b a s i s  o f  t h e s e  p a r a m e t e r s ,  L 'v o v  h a s  b e e n  a b l e  t o  a c c o u n t  f o r  t h e  
d i f f e r e n t  s e n s i t i v i t i e s  o b s e r v e d  w i t h  v a r i o u s  t y p e s  o f  a t o m i z e r s  (9). 
Of t h e s e  p a r a m e t e r s ,  t h e  c a r b i d e  c o a t i n g  h a s  t h e  g r e a t e s t  e f f e c t  on t h e  




S p e c i f i c  p r o p e r t i e s  o f  t h e  f u r n a c e  s u r f a c e  a f f e c t e d  by c a r b i d e  
c o a t i n g  a r e  t h e  p o r o s i t y ,  t h e  d e n s i t y  and t h e  c h e m i c a l  r e a c t i v i t y .  I t  
i s  t h e  f a v o r a b l e  a l t e r a t i o n  o f  t h e s e  p r o p e r t i e s  w h i c h  a c c o u n t  f o r  
enhanced  a n a l y t i c a l  p e r fo rm a n ce  o f  c a r b i d e  c o a t e d  f u r n a c e s .
R e d u c t io n  i n  p o r o s i t y  o f  t h e  f u r n a c e  p r e v e n t s  l i q u i d  sample  from 
s o a k i n g  i n t o  t h e  g r a p h i t e ,  a s  i n  u n c o a t e d  f u r n a c e s  (19 ,  34) .  By p r e ­
v e n t i n g  p e n e t r a t i o n  o f  t h e  g r a p h i t e ,  t h e  t i m e  r e q u i r e d  f o r  a t o m i z a t i o n  
i s  r e d u c e d ,  r e s u l t i n g  i n  i n c r e a s e d  s e n s i t i v i t y  (36 ) .  D e c r e a s e d  
p o r o s i t y  a l s o  r e d u c e s  d i f f u s i o n  o f  a n a l y t e s  t h r o u g h  t h e  w a l l s  o f  t h e  
f u r n a c e ,  i n c r e a s i n g  t h e  r e s i d e n c e  t i m e  o f  a t o m i c  vap o r  (19).
R e d u c t i o n  i n  r e a c t i v i t y  o f  t h e  g r a p h i t e  i s  r e s p o n s i b l e  f o r  
i n c r e a s e d  s e n s i t i v i t y  o b s e r v e d  f o r  some m e t a l s .  R u n n e l s  e t .  a l .  (36)  
co n c lu d ed  t h a t  c a r b i d e  c o a t i n g s  p r e v e n t e d  a n a l y t e  a to m s  f rom fo rm i n g  
c a r b i d e .  The r a t e  o f  a t o m i z a t i o n  o f  a n a l y t e  i s  t h e n  i n c r e a s e d ,  r e s u l t ­
i n g  i n  h i g h e r  s e n s i t i v i t y  (21, 41). D ec reased  r e a c t i v i t y  a l s o  i n h i b i t s  
o t h e r  i n t e r f e r i n g  r e a c t i o n s  f r o m  o c c u r r i n g .  Mino e t .  a l .  (58)  f o u n d  
t h a t  a  TaC c o a t e d  f u r n a c e  p r e v e n t e d  t h e  r e d u c t i o n  o f  Ge02 by g r a p h i t e  
t o  form GeO, which  i s  e a s i l y  l o s t  f rom t h e  f u r n a c e  b e f o r e  a t o m i z a t i o n .  
I n c r e a s e d  r a t e s  o f  a t o m i z a t i o n  w e r e  a l s o  f o u n d  f o r  Sn u s i n g  c a r b i d e  
c o a t e d  f u r n a c e s  (45 ) .
To u n d e r s t a n d  t h e  i n f l u e n c e  o f  a c a r b i d e  s u r f a c e  on a t o m i z a t i o n ,  
i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  t h e o r y  o f  s i g n a l  shape.  The f o l l o w i n g  
s e c t i o n  w i l l  d i s c u s s  one c u r r e n t  t r e a t m e n t  o f  s i g n a l  s h a p e s  i n  f u r n a c e  
AAS.
50
ThS-ory. <&£ S i g n a l  Stiap.e.
A f u n d a m e n t a l  d i f f e r e n c e  b e t w e e n  f l a m e  a n d  f u r n a c e  a t o m i c  
a b s o r p t i o n  i s  t h e  n a t u r e  o f  t h e  s i g n a l s  g e n e r a t e d .  S i g n a l s  g e n e r a t e d  
i n  f l a m e  AA q u i c k l y  r e a c h  a s t e a d y  s t a t e  v a l u e  t h a t  i s  m a i n t a i n e d  a s  
l o n g  a s  s a m p l e  i s  a s p i r a t e d ,  w h i l e  f u r n a c e  AA s i g n a l s  a r e  t r a n s i e n t  
b e c a u s e  a f i n i t e  a m o u n t  o f  s a m p l e  a t o m i z e d .  F u r n a c e  AA s i g n a l s  a r e  
t y p i c a l l y  o n e  t e n t h  o f  a  s e c o n d  t o  a f ew  s e c o n d s  i n  d u r a t i o n  (59 ) .  
F ig -  3-1  s h o w s  i d e a l i z e d  r e c o r d e r  t r a c i n g  f o r  b o t h  f l a m e  a n d  f u r n a c e  
AA.
The s h a p e  o f  t h e  s i g n a l  p u l s e  f o r  a n  e l e m e n t  i s  d e t e r m i n e d  by a) 
t h e  p h y s i c a l  a n d  c h e m i c a l  p r o p e r t i e s  o f  t h e  s a m p l e  m a t r i x ,  b) t h e  
g e o m e t r y  a n d  c o n s t r u c t i o n  m a t e r i a l  o f  t h e  a t o m i z e r ,  c)  t h e  r a t e  o f  
h e a t i n g  o f  t h e  a t o m i z e r  and 4) t h e  d i s t o r t i o n  caused  by t h e  d e t e c t i o n  
sys tem (57 ,  6 0 ) .
The m o s t  common p r o c e d u r e  u s e d  t o  m e a s u r e  f u r n a c e  AA s i g n a l s  i s  
t h e  p e a k  h e i g h t  m e t h o d ,  w h e r e  t h e  maximum a b s o r b a n c e  o f  t h e  s i g n a l  
p u l s e  i s  r e c o r d e d .  An a l t e r n a t e  p r o c e d u r e  i s  s i g n a l  i n t e g r a t i o n  i n  
which  a b s o r b a n c e  v a l u e s  a r e  summed o v e r  t h e  t i m e  p e r i o d  when a tom s  a r e  
i n  t h e  a n a l y t i c a l  v o l u m e  ( t h e  beam o f  s o u r c e  r a d i a t i o n  v i e w e d  by t h e  
d e t e c t o r ) .  To c o m p a r e  t h e s e  tw o  m e t h o d s  o f  p e a k  m e a s u r e m e n t ,  L 'vov  
d e v i s e d  a m a t h e m a t i c a l  m o d e l ,  u s i n g  h i s  i s o t h e r m a l  c u v e t t e ,  w h i c h  
d e s c r i b e s  t h e  t i m e  dep en d e n t  c h a r a c t e r i s t i c s  o f  atom f o r m a t i o n  i n  t h e  
c u v e t t e  (19 ,  61) .
The  d e v e l o p m e n t  o f  a  m a t h e m a t i c a l  m o d e l  r e q u i r e s  t h e  f o l l o w i n g  
a s s u m p t i o n s :
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L. Compar ison o f  s i g n a l s  g e n e r a t e d  i n  a )  f l am e  AA and 
b)  f u r n a c e  AA.
I
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1 . )  The e l e m e n t  i s  a to m iz e d  c o m p l e t e l y .
2 . )  A l l  atoms e n t e r  t h e  a n a l y t i c a l  volume.
3 . )  The o n l y  mechanism o f  l o s s  o f  a t o m ic  v a p o r  from 
t h e  a n a l y t i c a l  volume i s  d i f f u s i o n  u n d e r  a  con­
c e n t r a t i o n  g r a d i e n t .
The change  i n  t h e  number o f  a tom s  i n  t h e  a n a l y t i c a l  vo lume a t  any 
t im e  t  i s  g i v e n  by:
where  N i s  t h e  t o t a l  number o f  a to m s  i n  t h e  a n a l y t i c a l  vo lume,  n ^ ( t )  i s  
t h e  number o f  a to m s  e n t e r i n g  and n2 ( t )  i s  t h e  number a to m s  l e a v i n g  t h e  
a n a l y t i c a l  v o l u m e .  S i n c e  a d i f f u s i o n a l  l o s s  o f  a t o m i c  v a p o r  i s  
assumed,  n2 ( t )  can  be r e p r e s e n t e d  a s
w h e r e  t h e  a v e r a g e  r e s i d e n c e  t i m e  o f  a t o m s  i n  t h e  a n a l y t i c a l
v o l u m e .  The  i n t r o d u c t i o n  o f  a t o m s  i n t o  t h e  a n a l y t i c a l  v o l u m e  i s  t h e  
r e s u l t  o f  v a p o r i z a t i o n  a n d  d i s s o c i a t i o n  o f  s a m p l e  d u e  t o  t h e  
c o n t i n u o u s l y  r i s i n g  t e m p e r a t u r e  o f  t h e  a t o m i z a t i o n  s u r f a c e .  The 
f u n c t i o n  n ^ ( t )  can be r e p r e s e n t e d  by
1
n 2 ( t )  = N /t * 2
n ^ t )  = At 3
The c o n s t a n t  A can  be d e t e r m in e d  from n o r m a l i z a t i o n  o f
4
which y i e l d s :
/
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A = 2(NQ/ x j 2 ) t  5
w here  x* i s  t h e  a t o m i z a t i o n  t i m e ,  i . e . ,  t h e  amount o f  t i m e  r e q u i r e d  t o  
t r a n s f e r  a to m s  i n t o  t h e  a n a l y t i c a l  vo lume,  and NQ i s  t h e  t o t a l  number 
o f  a t o m s  i n  t h e  s a m p l e .  S u b s t i t u t i o n  o f  e q u a t i o n s  2 a n d  5 i n t o  
e q u a t i o n  1 y i e l d s :
f  = 2(No/T’2)t -  St*
The s o l u t i o n  o f  t h i s  l i n e a r  f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t i o n  l e a d s  t o  
a n  e x p r e s s i o n  w h i c h  d e s c r i b e s  t h e  n u m b e r  o f  a t o m s  i n  t h e  a n a l y t i c a l  
volume a t  t  <_ Tf :
"  2V T2/T i ) 2 [ t / T i - 1 +  * t / t 2 ]  7
At t i m e  t-J, a t o m i z a t i o n  i s  c o m p le t e  and N r e a c h e s  a maximum (dN/dt=0).  
E q u a t io n  7 t h e n  becomes:
1 / t J  -  1  +  e  1 / t 2
d e s c r i b i n g  t h e  number o f  atoms i n  t h e  a n a l y t i c a l  volume a t  t  = t!j
At t i m e s  g r e a t e r  t h a n  xj , no m o re  a t o m s  e n t e r  t h e  a n a l y t i c a l  
v o l u m e .  E q u a t i o n  1 m u s t  t h e n  be m o d i f i e d  t o  r e f l e c t  t h i s  c h a n g e ;  
showing o n l y  a  l o s s  o f  a toms due t o  d i f f u s i o n :
f  ■ - N / t 2 9
The s o l u t i o n  t o  t h i s  e q u a t i o n  i s :
e ( x ’- t ) / T ;
- l l  "“ l l
Nt > . - N f e 1 - / ' w2 1Q
S u b s t i t u t i o n  o f  e q u a t i o n  10 i n t o  e q u a t i o n  8 y i e l d s :
x ’ 2 f r '  1  ^TI - t ) / T 2
Nt> T , = 2Nq ( 2 / t ^ )  I 1 / t »  -  1 + e i / T 2 |e  11
w h i c h  d e s c r i b e s  t h e  n u m b e r  o f  a t o m s  i n  t h e  a n a l y t i c a l  v o l u m e  on  t h e  
decay  s i d e  o f  t h e  p u l s e .
The s h a p e  o f  t h e  s i g n a l  p u l s e  i s  d e t e r m i n e d  by t h e  r a t i o  •
F i g .  3 - 2  s h o w s  t h e  s i g n a l  s h a p e s  f o r  d i f f e r e n t  v a l u e s  o f  • As
t h e  r a t i o  i n c r e a s e s ,  t h e  s i g n a l  p u l s e s  b r o a d e n .  E ac h  o f  t h e  s i g n a l s  
c a n  be  c h a r a c t e r i z e d  by t w o  q u a n t i t i e s :  Np , w h i c h  i s  t h e  p e a k  o f  t h e
p u l s e  and QN, t h e  a r e a  u n d e r  t h e  p u l s e .
I f  «  1> t h e n  e q u a t i o n  8 a p p r o x i m a t e s  t h e  p e a k  o f  t h e  s i g n a l
p u l s e  and t o  t h e  t o t a l  number o f  a to m s  i n  t h e  sam p le :
N » = N = N 12t~ r{  p o
The a r e a ,  QN, i s  g i v e n  by:
/ T3QN = J  N ( t ) d t  13
w here  i s  t h e  i n t e g r a t i o n  t i m e  (t ^ = t !J + 5t 2 )• By s u b s t i t u t i n g
e q u a t i o n s  7 a n d  11 i n t o  e q u a t i o n  13 a n d  i n t e g r a t i n g ,  QN c a n  be
e x p r e s s e d  by :
Qs  -  V i  14
Both t h e  m easu red  i n t e g r a t e d  and peak a b s o r b a n c e s  a r e  d i r e c t l y  r e l a t e d  
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F i g u r e  3 - 2 .  E f f e c t  o f  i n c r e a s i n g  t ' / t '  on a b s o r b a n c e  p u l s e  i n  f u r n a c e  
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w here  k^ i s  a p r o p o r t i o n a l i t y  c o n s t a n t  and AQ i s  t h e  a b s o rb a n c e  which  
would  r e s u l t  i f  a l l  t h e  a tom s  were  i n  t h e  a n a l y t i c a l  vo lume a t  t h e  same 
t im e .
As a r e s u l t  o f  t h i s  model ,  L 'v o v  conc luded  t h a t :
1 . )  The p e a k  a b s o r b a n c e  c o r r e s p o n d s  t o  t h e  t o t a l  
n u m b e r  o f  a t o m s  i n  t h e  s a m p l e  i f  a t o m i z a t i o n  i s  
com ple ted  i n  a t im e  t  C ^ J , .
2.) I f  t ^ / t 2 << 1> s m a l l  v a r i a t i o n s  i n  t!|  o r  
would n o t  a f f e c t  Ap s i g n i f i c a n t l y .  I f  x \ >xl> ,
however ,  Ap w i l l  depend on bo th  x.j and Xg such  
t h a t  t ] / t 2 must  be c o n s t a n t  f o r  e q u a t i o n  15 t o  be 
c o r r e c t .
3.)  Qn i s  n o t  d e p e n d e n t  on n ^ t )  o r  t ! |  , b u t  
o n ly  on t;? • F°r  %  a m easurem en t ,  x^
must  rem ain  c o n s t a n t .
B e fo re  L’v o v ' s  t h e o r y  o f  s i g n a l  shape can be a p p l i e d  t o  com m erc ia l  
a t o m i z e r s ,  i t  must  be r e a l i z e d  t h a t  t h e  model  a s sum es  t h a t  a t o m i c  v ap o r  
i s  p roduced  i n  an i s o t h e r m a l  e n v i ro n m e n t  (24). I n  a d d i t i o n ,  f o r  equa­
t i o n s  8 a n d  11 t o  d e f i n e  t! |  a n d  xl> , r e s p e c t i v e l y ,  t h e  r a t i o  
must  be much l e s s  t h a n  1, im p l y i n g  t h a t  a t o m i z a t i o n  i s  i n s t a n t a n e o u s .  
I n  p r a c t i c e ,  n e i t h e r  o f  t h e s e  c o n d i t i o n s  i s  m e t  by c o m m e r c i a l  
a t o m i z e r s .  F i r s t ,  b o t h  t h e  a t o m i z e r  and  t h e  a t o m i c  v a p o r  e x h i b i t  
s p a t i a l  a n d  t e m p o r a l  n o n - i s o t h e r m a l i t y  (5 ,  42 ,  60 ,  62) .  S e c o n d ,  
a t o m i z a t i o n  i n  c o m m e rc i a l  a t o m i z e r s  i s  n o t  i n s t a n t a n e o u s ,  r e s u l t i n g  i n  
x J = x2 • As a  r e s u l t ,  s i g n a l s  g e n e r a t e d  i n  c o m m e r c i a l  a t o m i z e r s
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can n o t  be a c c u r a t e l y  c h a r a c t e r i z e d  by t h e  q u a n t i t i e s  x !j and Xg (63).
The c h a r a c t e r i z a t i o n  o f  s i g n a l  s h a p e s  p roduced  i n  c o m m e rc i a l  a to m ­
i z e r  s y s t e m s  r e q u i r e s  a p p r o x i m a t i o n s  o f  x} and xj> , which  a r e  d e t e r ­
mined  e x p e r i m e n t a l l y .  E x p e r i m e n t a l l y  d e t e r m i n e d  q u a n t i t i e s ,  x^ and x 2 
a r e  show n  i n  F i g .  3 - 3 .  The a t o m i z a t i o n  t i m e ,  x^ , i s  d e f i n e d  a s  t h e  
a m o u n t  o f  t i m e  r e q u i r e d  f o r  t h e  s i g n a l  t o  r e a c h  a maximum a f t e r  
d e v i a t i n g  f rom t h e  b a s e l i n e .  The r e s i d e n c e  t i m e ,  x2 , i s  d e f i n e d  a s  t h e  
t i m e  r e q u i r e d  f o r  t h e  s i g n a l  t o  d e c a y  t o  1 / e  o f  i t s  maximum v a l u e .
Appearance  t i m e ,  T__n , i s  t h e  t i m e  e l a p s e d  f rom t h e  s t a r t  o f  a t o m i z a -app
t i o n  s t a g e  t o  t h e  p o i n t  a t  w h i c h  t h e  o b s e r v e d  s i g n a l  f i r s t  d e v i a t e s  
f r o m  t h e  b a s e  l i n e .  The  p e a k  t i m e ,  Xp, i s  t h e  t i m e  e l a s p e d  f r o m  t h e  
b e g i n n in g  o f  a t o m i z a t i o n  t o  t h e  p o i n t  a t  which  t h e  a b s o rb a n c e  maximum 
o c c u r s .
I f  t h e  f o r m a t i o n  o f  a t o m i c  v a p o r  i s  f a s t  e n o u g h  s o  t h a t  
a t o m i z a t i o n  i s  c o m p l e t e  b e f o r e  a  s i g n i f i c a n t  l o s s  o c c u r s  f r o m  t h e  
a n a l y t i c a l  vo lume,  t h e n  x^ i s  a a p p r o x i m a t e l y  e q u a l  t o  x |  . However, 
i n  o r d e r  f o r  x 2 t o  be a  good a p p r o x i m a t i o n  o f  t2 , t e m p e r a t u r e  o f  bo th  
t h e  a t o m i z e r  and t h e  a t o m i c  v a p o r  mus t  r e m a i n  c o n s t a n t  o v e r  t h e  decay  
o f  t h e  s i g n a l  (63 ) .  S i n c e  t h i s  i s  n o t  p o s s i b l e  w i t h  c o m m e r c i a l  
a t o m i z e r s ,  x2 v a l u e s  a r e  u s e f u l  o n l y  t o  c h a r a c t e r i z e  t h e  s i g n a l  
p r o f i l e .
Us ing  t h e  m o d i f i e d  t h e o r y ,  i t  i s  p o s s i b l e  t o  q u a n t i f y  t h e  e f f e c t  
o f  t h e  c a r b i d e  c o a t i n g  on t h e  s i g n a l  by m e a su r in g  x 1 and t 2 .
The p u r p o s e  o f  t h e  e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  c h a p t e r  i s  t o  
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F i g u r e  3 - 3 .  Q u a n t i t i e s  u s e d  t o  c h a r a c t e r i z e  a b s o r b a n c e  p u l s e s .
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S p e c i f i c a l l y ,  t h e  f o l l o w i n g  p rob lem s  w i l l  be a d d r e s s e d :
1 . )  The  e f f e c t  o f  c a r b i d e  c o a t i n g s  on  t h e r m a l  
c h a r a c t e r i s t i c s  ( c u r r e n t - t e m p e r a t u r e  b e h a v i o r )  o f  
t h e  f u r n a c e s  w i l l  be s t u d i e d .
2. )  The  a n a l y t i c a l l y  u s e f u l  l i f e t i m e  o f  c a r b i d e  
c o a t i n g s  w i l l  b e  d e t e r m i n e d  t o  s e e  i f  i t  i s  
d i f f e r e n t  t h a n  t h e  l i f e t i m e s  d e t e r m i n e d  i n  t h e  
p r e v i o u s  c h a p t e r .
3.)  The a n a l y t i c a l  p e r f o r m a n c e  o f  t h e  c o a t e d  
f u r n a c e s  w i l l  be i n v e s t i g a t e d  f o r  a  n u m b e r  o f  
e l e m e n t s ,  i n c l u d i n g  t h o s e  w h ich  a r e  known t o  form 
s t a b l e  c a r b i d e s .
4.) The c h a r a c t e r i s t i c s  o f  s i g n a l s  g e n e r a t e d  w i t h  
c o a t e d  f u r n a c e s ,  i n  t e rm s  o f  and Tg.
E x p e r i m e n t a l
A p p a ra tu s
P e r k i n - E l m e r  HGA 74. I n i t i a l  e x p e r i m e n t s  were  c a r r i e d  o u t  u s i n g  a 
P e r k i n - E l m e r  HGA 74 a t o m i z e r  (Fig.  3 -4 )  powered  by an HGA 2100 c o n t r o l  
u n i t .  The HGA a t o m i z e r  i s  on  a n  a d j u s t a b l e  m oun t  w h i c h  p e r m i t s  
h o r i z o n t a l ,  v e r t i c a l ,  r o t a t i o n a l  a n d  a n g u l a r  a d j u s t m e n t s  t o  o b t a i n  
maximum o p t i c a l  t h r o u g h p u t .  The e n t i r e  a s s e m b l y  i s  h in g e d  a t  one end 
so t h a t  t h e  a t o m i z e r  can  be r o t a t e d  o u t  o f  t h e  o p t i c a l  p a t h  t o  r e p l a c e  
t h e  f u r n a c e .  G r a p h i t e  f u r n a c e s  a r e  h e l d  i n  p l a c e  by t w o  g r a p h i t e  
c o n t a c t  r i n g s .  Through two c o p p e r  w i r e s ,  e l e c t r i c a l  power  i s  s u p p l i e d  
t o  t h e  c o n t a c t  r i n g s  f r o m  t h e  c o n t r o l  u n i t  t o  h e a t  t h e  f u r n a c e .  
O x i d a t i o n  o f  t h e  g r a p h i t e  f u r n a c e  i s  p r e v e n t e d  by an  i n e r t  g a s  f l o w  
o v e r  b o t h  t h e  i n t e r i o r  and  e x t e r i o r  s u r f a c e s  o f  t h e  f u r n a c e .  The 
d i r e c t i o n  o f  t h e  f l o w  i s  f r o m  t h e  e n d s  o f  t h e  f u r n a c e  t o w a r d s  t h e  
m i d d l e .  To i n c r e a s e  t h e  r e s i d e n c e  t i m e  o f  t h e  a t o m i c  v a p o r ,  t h e  
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s t e p .
To p r e v e n t  o v e r h e a t i n g ,  c o o l i n g  w a t e r  i s  p a s s e d  t h r o u g h  t h e  
f u r n a c e  a s s e m b l y  and a round  t h e  g r a p h i t e  c o n t a c t  r i n g s .  The c o o l i n g  
w a t e r  i s  c a p a b l e  o f  l o w e r i n g  t h e  t e m p e r a t u r e  o f  t h e  f u r n a c e  f rom t h e  
maximum t e m p e r a t u r e  o f  2800 °C t o  a m b ie n t  i n  a p p r o x i m a t e l y  30 seconds .  
I f  t h e  c o o l i n g  w a t e r  t e m p e r a t u r e  e x ce ed s  60 °C, t h e  h e a t i n g  p rogram i s  
a u t o m a t i c a l l y  t e r m i n a t e d .
The HGA 2100 c o n t r o l l e r  u n i t  a l l o w s  a t h r e e  s t a g e  h e a t i n g  program 
t o  be a p p l i e d  t o  t h e  f u r n a c e .  T e m p e r a t u r e s  f o r  e a c h  o f  t h e  t h r e e  
s t a g e s  (d ry ,  c h a r  and a t o m i z e )  can be s e t  i n d e p e n d e n t l y .  The l e n g t h  o f  
t i m e  f o r  e a c h  s t e p  c a n  be  v a r i e d  f r o m  0 t o  120 s e c o n d s  f o r  t h e  d r y i n g  
s t e p ;  0 t o  1200 s e c o n d s  f o r  t h e  c h a r r i n g  s t e p ;  a n d  0 t o  30 s e c o n d s  f o r  
t h e  a t o m i z a t i o n  s t e p .  F u r n a c e  t e m p e r a t u r e  i s  m e a s u r e d  by a s e n s o r  
w i t h i n  t h e  a s s e m b l y  and i s  d i s p l a y e d  on an a n a l o g  m e te r .  T he re  a r e  no
p r o v i s i o n s  f o r  t e m p e r a t u r e  f e e d b a c k .  The c o n t r o l  u n i t  i s  c a p a b l e  o f
s u p p l y i n g  a maximum c u r r e n t  o f  440 am peres  a t  8 v o l t s  t o  t h e  f u r n a c e ,
p r o d u c in g  a  t e m p e r a t u r e  o f  2800 °C.
For  a b s o r b a n c e  m e a su re m e n t s ,  t h e  f u r n a c e  a s s e m b l y  was p l a c e d  on 
t h e  o p t i c a l  r a i l  o f  a  8 5 - 5 0  s e r i e s  J a r r e l l - A s h  a t o m i c  a b s o r p t i o n  
s p e c t r o m e t e r .  S i n c e  t h e  HGA 74 w as  n o t  d e s i g n e d  f o r  u s e  w i t h  t h i s  
s p e c t r o m e t e r ,  a  home-made s t a n d  was c o n s t r u c t e d .  The o p t i c a l  s y s tem  
c o n s i s t e d  o f  a  J a r r e l l - A s h  82-200  s e r i e s  0.5 m e t e r  E b e r t  monochromator .  
F o c u s i n g  l e n s e s  w e r e  p l a c e s  b e f o r e  and  a f t e r  t h e  a t o m i z e r  on t h e  
o p t i c a l  r a i l ,  i n  p o s i t i o n s  w hich  m aximized  th ro u g h p u t .
Absorbance  s i g n a l s  were  r e c o r d e d  on a  H e a th / S c h lu m b e r g e r  SR-255-B
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a t r i p  c h a r t  r e c o r d e r  w i t h  a r e s p o n s e  t i m e  o f  0.5 s econds  f u l l  s c a l e  and 
an  i n p u t  v o l t a g e  o f  10 mv f u l l  s c a l e .
I n s t r u m e n t a t i o n  L a b o r a t o r y  CTE 6 5 5 . I n  c o n t r a s t  t o  t h e  HGA 74 ,  
w h ich  i s  a  s e m i - e n c l o s e d  a t o m i z e r ,  t h e  IL 655 i s  a  c o m p l e t e l y  e n c l o s e d  
s y s t e m  w i t h  a c c e s s  p r o v i d e d  by a r e m o v a b l e  f a c e p l a t e  ( F i g .  3 - 5 ) .  A 
h y d r a u l i c  door  p e r m i t s  sample  t o  be i n t r o d u c e d  t o  t h e  f u r n a c e .
The f u r n a c e  i s  c o n n e c t e d  t o  two g r a p h i t e  cones ,  which  a r e  i n  t u r n  
h e l d  by m e t a l  e l e c t r o d e s .  E l e c t r i c a l  c u r r e n t  i s  f e d  t h r o u g h  t h e  
e l e c t r o d e s  from t h e  c o n t r o l  u n i t  t o  h e a t  t h e  fu r n a c e .
L o c a t e d  i n  t h e  f u r n a c e  a s s e m b l y  a r e  e n t r a n c e  a n d  e x i t  p o r t s  f o r  
t h e  i n e r t  g a s  f lo w .  Argon i s  used  a s  t h e  i n e r t  gas  i n  t h e  IL 655. The 
f l o w  o f  g a s  d u r i n g  t h e  a t o m i z a t i o n  s t e p  c a n  be  i n t e r p r e t e d  by t h e  
c o n t r o l  u n i t .
To c o o l  t h e  f u r n a c e ,  w a t e r  i s  c i r c u l a t e d  t h r o u g h  t h e  f u r n a c e  
a s s e m b l y  and t h e  m e t a l  e l e c t r o d e s .  The r a t e  o f  t h e  c o o l i n g  w a t e r  f l o w  
i s  k e p t  c o n s t a n t .  I f ,  how ever ,  t h e  f l o w  r a t e  d r o p s  below 400 m l /m i n  o r  
t h e  t e m p e r a t u r e  e x c e e d s  85 °C, t h e  f u r n a c e  p r o g r a m  i s  a u t o m a t i c a l l y  
t e r m i n a t e d .
The c o n t r o l  u n i t  a l l o w s  a s i x - s t a g e  h e a t i n g  c y c l e  t o  be a p p l i e d  to  
t h e  f u r n a c e .  T im e  i n t e r v a l s  f o r  e a c h  s t a g e  c a n  be s e t  f r o m  0 t o  45 
seconds  i n  i n c r e m e n t s  o f  5 seconds .  I n  a d d i t i o n  to  v a r y i n g  t h e  l e n g t h  
o f  t i m e  o f  e a c h  s t e p ,  t h e  r a t e  o f  t e m p e r a t u r e  i n c r e a s e  c a n  a l s o  be 
v a r i e d  u s i n g  t h e  c o n t r o l  u n i t .





F i g u r e  3 - 5 .  I n s t r u m e n t a t i o n  l a b o r a t o r y  655 CTF. 1) F u rn a c e  e l e c t r o d e s ,  
2) G r a p h i t e  f u r n a c e ,  3) T em pera tu re  s e n s o r ,  4) Tem pera tu re  
s e n s o r  s c r e w s ,  5) O p t i c a l  mask,  6) I n e r t  gas  e n t r a n c e  p o r t s  
7) I n e r t  gas  e x i t  p o r t ,  8) Flow d e f l e c t o r s  and 9) F u rn ace  
r e l e a s e  h a n d l e .
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i n  i n t i m a t e  c o n t a c t  w i t h  t h e  f u r n a c e .  The s e n s o r ,  w h i c h  i s  p a r t  o f  a 
f e e d  b a c k  c i r c u i t ,  m o n i t o r s  t h e  t e m p e r a t u r e  o f  t h e  f u r n a c e  and  
r e g u l a t e s  t h e  a m o u n t  o f  c u r r e n t  s u p p l i e d  t o  t h e  f u r n a c e  o n c e  t h e  
d e s i r e d  t e m p e r a t u r e  h a s  been  r e a c h e d .  I f  t h e  f u r n a c e  i s  o p e r a t e d  above 
2750 °C, no t e m p e r a t u r e  f e e d b a c k  i s  p o s s i b l e ,  s i n c e  t h e  s e n s o r  m e l t s  a t  
t h i s  t e m p e r a t u r e .  The t e m p e r a t u r e  o f  t h e  f u r n a c e  i s  t h e n  d e t e r m i n e d  
s o l e l y  by t h e  p o s i t i o n  o f  t h e  t e m p e r a t u r e  s l i d e  w i r e s  on t h e  c o n t r o l  
u n i t .
F o r  a b s o r b a n c e  m e a su re m e n t s ,  t h e  e n t i r e  f u r n a c e  a s s e m b l y  i s  p l a c e d  
i n  t h e  o p t i c a l  p a t h  o f  an I n s t r u m e n t a t i o n  L a b o r a t o r y  951 s p e c t r o p h o t o m ­
e t e r ,  a  d u a l  c h a n n e l  i n s t r u m e n t  c a p a b l e  o f  b o th  s i n g l e  and d o u b le  beam 
o p e r a t i o n .  Background c o r r e c t i o n  i s  p e r fo rm e d  by a  D2 a r c  sy s tem .  The 
i n s t r u m e n t  can a l s o  be o p e r a t e d  i n  an e m i s s i o n  mode.
The o p t i c a l  sy s t e m  c o n s i s t s  o f  two 1/3 m e t e r  E b e r t  monochrom ato r  
w i t h  v a r i a b l e  s l i t s ,  a beam s p l i t t e r ,  f o c u s i n g  l e n s e s ,  m e c h a n i c a l  
cho p p e r  and two R-372  p h o t o m u l t i p l i e r  t u b e s .
A l l  r e a d o u t  d a t a  i s  d i s p l a y e d  on a  CRT. The i n s t r u m e n t  i s  c a p a b l e  
o f  m e a s u r i n g  peak h e i g h t  and peak a r e a  s i m u l t a n e o u s l y ,  w h i l e  p r o v i d i n g  
d e s c r i p t i v e  s t a t i s t i c s  (mean,  SD and RSD).
RsageniLs
A l l  c h e m i c a l s  were  o f  a n a l y t i c a l  r e a g e n t  q u a l i t y .  The w a t e r  used  
f o r  m a k i n g  up s o l u t i o n s  a n d  r i n s i n g  g l a s s w a r e  w as  p a s s e d  t h r o u g h  a 
m i x e d  bed  i o n - e x c h a n g e  c o l u m n  ( B a r n s t e a d )  a n d  t h e n  d i s t i l l e d  f r o m  a 
Mega-Pure s t i l l  ( C o rn in g ) .
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S t o c k  s o l u t i o n s  o f  m e t a l  u s e d  f o r  a b s o r b a n c e  m e a s u r e m e n t s  w e r e  
made f r o m  t h e  f o l l o w i n g  r e a g e n t s :  A1 m e t a l ,  AsO^, B a C l 2 , B e(N 0g)2 , 
CoCl2 , CuSOjj, Cu m e t a l ,  K2Cr20y, FeCl^ ,  Ni(N0g)2 , PMNO^)^ NaSiO^, Se 
m e t a l ,  S n C l 2 , S r ( N 0 g ) 2 a n d  V20g.  A l l  s t o c k  s o l u t i o n s  a n d  s t a n d a r d s  
were  0 . 5 - 1 . 0  % i n  e i t h e r  HNO^ o r  HC1. F r e s h  s t a n d a r d s  were  made d a i l y .
A l l  v o l u m e t r i c  f l a s k s ,  b o t h  g l a s s  ( C l a s s  A) and  p o l y p r o p y l e n e ,  
w ere  washed w i t h  10 % HNO^ f o r  24 hou rs .  I m m e d i a t e l y  b e f o r e  used ,  t h e  
f l a s k s  were  r i n s e d  w i t h  d i s t i l l e d  HNO^ and t h e n  d i s t i l l e d  w a t e r .
A l l  d i l u t i o n s  w ere  made e i t h e r  w i t h  a c i d - w a s h e d  g l a s s  v o l u m e t r i c  
p i p e t s  o r  a d j u s t a b l e  m i c r o p i p e t s  ( 0 - 1 0 0 0  Ul a n d  0 - 2 0 0  u l )  w i t h  a c i d -  
washed t i p s .
P r o c e d u r e s
Therm al C h a r a c t e r i s t i c s .  I n  o r d e r  t o  d e t e r m i n e  any change  i n  t h e  
c u r r e n t - t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  f u r n a c e s  a s  a r e s u l t  o f  c a r b i d e  
c o a t i n g ,  e m i s s i o n  i n t e n s i t i e s  o f  c o a t e d  a n d  u n c o a t e d  f u r n a c e s  w e r e  
c o m p a r e d .  U s i n g  t h e  e m i s s i o n  mode o f  t h e  IL  951 s p e c t r o p h o t o m e t e r ,  
e m i s s i o n  i n t e n s i t i e s  o f  t h e  f u r n a c e s  a t  580 nm v s .  a t o m i z a t i o n  
t e m p e r a t u r e  w ere  measured .  The monochromato r  b an d w id th  was s e t  a t  1.0 
nm and t h e  p h o t o m u l t i p l i e r  v o l t a g e  was ~550 V. A c o n s i d e r a b l e  amount 
o f  c a r e  w as  t a k e n  t o  i n s u r e  t h a t  t h e  p o s i t i o n  a n d  t e n s i o n  o f  t h e  
t e m p e r a t u r e  s e n s o r  on  t h e  f u r n a c e  was  a p p r o x i m a t e l y  t h e  sam e  d u r i n g  
e a c h  o f  t h e  e x p e r i m e n t a l  r u n s .  I f  t h e  s e n s o r  i s  n o t  r e p r o d u c i b l y  
p l a c e d  on t h e  f u r n a c e ,  t h e  d i g i t a l  t e m p e r a t u r e  r e a d o u t  w i l l  be  i n  
e r r o r .  E m i s s i o n  i n t e n s i t y  m e a s u r e m e n t s  w e r e  made i n  t r i p l i c a t e  f o r  




U s e f u l  L i f e t i m e  o f  C o a t in g .  The a n a l y t i c a l l y  u s e f u l  l i f e t i m e  o f  
t h e  f u r n a c e s  ( a s  o p p o s e d  t o  t h e  p h y s i c a l  l i f e t i m e  o f  t h e  c o a t i n g  
d i s c u s s e d  i n  t h e  p r e v i o u s  c h a p t e r )  w a s  s t u d i e d  u s i n g  S i  a s  t h e  t e s t  
m e t a l .  F u rn a c e s  i m p r e g n a t e d  w i t h  T i  and Mo c a r b i d e s  and an  u n c o a t e d  
f u r n a c e  w e r e  f i r e d  r e p e a t e d l y ,  i n  t h e  HGA 74 u s i n g  s t a n d a r d  PE 
c o n d i t i o n s  f o r  S i ,  u n t i l  a)  t h e  a b s o r b a n c e  o f  t h e  S i  d e c r e a s e d  
c o n s i d e r a b l y  o r  b)  t h e  f u r n a c e  w as  d e s t r o y e d .  To m i n i m i z e  t h e  t i m e  
r e q u i r e d  f o r  t h e  e x p e r i m e n t ,  a b s o r b a n c e  s i g n a l s  o f  25 VI s a m p l e s  o f  0.5 
ppm S i  w ere  r e c o r d e d  a f t e r  e v e r y  t e n t h  a t o m i z a t i o n  c y c l e  (n in e  c y c l e s  
w i t h  no s am p le ) .
S i g n a l  Enhancements .  S i g n a l  en h an c em en ts  f o r  a  number o f  e l e m e n t s  
w e r e  d e t e r m i n e d  u s i n g  t h e  HGA 74  a n d  t h e  I L  6 5 5  a t o m i z e r s .  
I n s t r u m e n t a l  p a r a m e t e r s  f o r  t h e  m e t a l s  s t u d i e d  w ere  a s  recommended by 
t h e  r e s p e c t i v e  m a n u f a c t u r e r  (64 ,  65) ( T a b l e s  3 -1 ,  3 -2  and 3 -3 ) -
E n h a n c e m e n t s  w e r e  d e t e r m i n e d  by m ak ing  a b s o r b a n c e  m e asu re m en ts  
w i t h  c a r b i d e  c o a t e d  f u r n a c e s  and t h e n  d e t e r m i n i n g  t h e  c o n c e n t r a t i o n  o f  
m e t a l  r e q u i r e d  t o  g i v e  t h e  s a m e  a b s o r b a n c e  u s i n g  u n c o a t e d  f u r n a c e s .  
The  r a t i o  o f  c o a t e d  f u r n a c e  c o n c e n t r a t i o n  t o  u n c o a t e d  f u r n a c e  
c o n c e n t r a t i o n  i s  d e f i n e d  a s  t h e  e n h a n c e m e n t .  C a l i b r a t i o n  f u n c t i o n s  
u s e d  t o  m e a s u r e  s i g n a l  e n h a n c e m e n t s  a n d  c a l c u l a t e  a p p r o x i m a t e  
s e n s i t i v i t i e s  a n d  d e t e c t i o n  l i m i t s  w e r e  d e t e r m i n e d  u s i n g  t h e  LNREG 
r e g r e s s i o n  p r o g r a m  ( 6 6 ). T e s t s  f o r  l a c k  o f  f i t ,  s i g n i f i c a n c e  o f  
i n t e r c e p t s  and o u t l i e r s  w e re  p e r f o r m e d  a t  t h e  95? c o n f i d e n c e  l e v e l .
R e p r o d u c i b i l i t y  o f  t h e  c a r b i d e  c o a t i n g s  was s t u d i e d  by m e a s u r in g
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Table 3-1
P e r k i n - E l m e r  HGA 74 S t a n d a r d  C o n d i t i o n s .
E lement S l i t  W id th  (nm) Lamp C u r r e n t  (ma) X (nm)
lamp ru n  a t  max f o r  lamp
Be 0 .7 25 35 234 .9
Co 0 .2 14 20 240 .7
Cu 0 .7 14 20 324 .7
Ni 0 .2 15 20 2 3 2 .0
Pb 0 .7 6 8 283 .3
S i 0 .2 14 25 251 .6
F u r n a c e  H e a t i n g  Program
D r y , ° C / t i m e , s e c C har , ° C / t i m e ( s e c ) A to m i z e , ° C / t :
Element
Be >100 /30 1200/0 2600/5
Co 150/30 1000 /10 2400/5
Cu 120/30 350 /10 2250/5
Ni 100/30 1000/10 2500/5
Pb 110/30 350/10 2000/5




I n s t r u m e n t a t i o n  L a b o r a t o r y  CTF 655 S t a n d a r d  C o n d i t i o n s
Element S l i t  Width(nm) Lamp Cur ren t (m a) A(nm) I n t e g r a t i o n
A1 0 .5 8 309.2 8
As 2 .0 8 193 .7 8
Ba 1 .0 10 553 .5 8
Be 1 .0 8 234 .8 4
Co 0 .3 8 240 .7 8
Cr 1 .0 6 320 .0 4
Cu 1 .0 5 324 .7 4
Fe 0 .3 10 248 .3 4
Pb 1 .0 5 283 .3 4
S i 0 .3 12 251 .6 8
Sn 0 .5 6 235 .5 8
S r 1 .0 12 460 .7 8
V 0 .5 10 318 .5 8




IL  655 F u rn a c e  H e a t i n g  Program
Element Dry o ., C / t im e , Ash, ° C / t im e , Atomize , ° C / t im e
s e c  f  5 s e c  * 5 s ec + 5
Al 75 130 900 1100 2500 2500
0 1 4 7 0 1
As 75 130 375 500 1800 1800
0 1 3 3 0 2
Ba 75 130 900 1100 2500 2500
0 1 5 5 0 2
Be 75 130 1000 1000 2500 2500
0 1 4 4 0 1
Co 75 130 500 900 2100 2200
0 1 4 4 0 2
*Cr 70 130 1000 1000 2200 2200
0 1 3 3 0 1
Cu 70 130 550 750 1800 1800
0 1 3 3 0 1
Fe 70 130 650 900 2300 2300
0 1 3 3 0 1
Pb 70 130 350 550 1800 1800
0 1 3 3 0 1
S i 70 130 800 1100 2500 2500
0 1 3 4 0 2
Sn 70 13-0 475 500 2500 2500
0 1 3 3 0 2
Sr 70 130 750 1000 2500 2500
0 1 3 3 0 2
V 75 130 500 750 2500 2500
0 1 3 3 0 0
Ti 75 130 1000 1200 2900 2900
0 1 3 4 0 2
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s i g n a l  e n h a n c e m e n t s  w i t h  f u r n a c e s  c o a t e d  a t  d i f f e r e n t  t i m e s .  E ach  
f u r n a c e  s t u d i e d  w a s  s u b j e c t  t o  f i v e  r e p l i c a t e  a t o m i z a t i o n s  w i t h  t h e  
t e s t  e l e m e n t .  To d e t e r m i n e  a n y  d i f f e r e n c e s  i n  t h e  a b s o r b a n c e  d a t a ,  
A n a l y s i s  o f  V a r i a n c e  (ANOVA) t e s t s  w ere  p e r fo rm e d .  I f  t h e  r e s u l t s  o f  
t h e  ANOVA t e s t  w ere  s i g n i f i c a n t ,  a  L e a s t  S i g n i f i c a n t  D i f f e r e n c e  (LSD) 
t e s t  was p e r fo rm e d  t o  d e t e r m i n e  w h i c h  f u r n a c e ( s )  w a s / w e r e  d i f f e r e n t .  
These t e s t s  were  a l s o  c a r r i e d  o u t  a t  t h e  95% c o n f i d e n c e  l e v e l .
A b s o r p t io n  P u l s e  Chara .C-t_ej is t i .es . The e x p e r i m e n t a l  q u a n t i t i e s ,  
X| a n d  t 2 , w e r e  m e a s u r e d  by c o n n e c t i n g  a T e k t r o n i x  T912 s t o r a g e  
o s c i l l o s c o p e  t o  t h e  r e c o r d e r  o u t p u t s  o f  t h e  IL 951 s p e c t r o p h o t o m e t e r .  
Due t o  t h e  l a r g e  a m o u n t  o f  n o i s e  i n  t h e  s p e c t r o p h o t o m e t e r  o u t p u t ,  i t  
was n e c e s s a r y  t o  p l a c e  a  f i l t e r  be tw ee n  t h e  s p e c t r o p h o t o m e t e r  and t h e  
o s c i l l o s c o p e .  A s c h e m a t i c  d i a g r a m  o f  t h e  f i l t e r  c i r c u i t ,  b u i l t  by 
R i c h a r d  S w e e t  o f  t h e  U n i v e r s i t y  I n s t r u m e n t a t i o n  C e n t e r ,  i s  g i v e n  i n  
F i g .  3 - 6 .
To r e c o r d  a b s o r b a n c e  p u l s e s ,  t h e  o s c i l l o s c o p e  w as  o p e r a t e d  a t  a 
sweep r a t e  o f  0.5 s e c / d i v .  The i n p u t  v o l t a g e  o f  t h e  o s c i l l o s c o p e  was 
a d j u s t e d  t o  1 V f u l l  s c a l e  ( o u t p u t  v o l t a g e  o f  t h e  s p e c t r o p h o t o m e t e r ) .  
The o s c i l l o s c o p e  sweep was s t a t e d  a t  t h e  b e g i n n i n g  o f  t h e  a t o m i z a t i o n  
s t e p  by a  t r i g g e r  c i r c u i t  i n c o r p o r a t e d  i n t o  t h e  f i l t e r .  P i c t u r e s  o f  
t h e  a b s o rb a n c e  p u l s e s  w ere  t a k e n  u s i n g  a P o l a r o i d  Land Camera w i t h  a  C- 
12 f r a m e  ( T e k t r o n i x ) .  P o l a r o i d  667 f i l m  w as  e x p o s e d  a t  f / 2  f o r  5 
s e c o n d s .
For  each  o f  t h e  e l e m e n t s ,  Be, Co, Cu, Fe and Pb, t e n  p i c t u r e s  were  
t a k e n .  The m a s s ,  i n  g r a m s ,  o f  e a c h  e l e m e n t  a t o m i z e d  was  1.75 x 10- 9 , 






x io Amplifier with Bandwidth ~ 10 Hz DC
F ig u r e  3 -6 .  Low p a s s  f i l t e r  u sed  t o  p r e p a r e  o u t p u t  s i g n a l  from IL 951 s p e c t r o p h o t o m e t e r  f o r  s t o r a g e  
o s c i l l o s c o p e .
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r e s p e c t i v e l y .  The q u a n t i t i e s  and t 2 ( d e f i n e d  i n  F ig .  3-3)> a l o n g  
w i t h  some o t h e r s ,  were m easured  from t h e  p i c t u r e s .
JSaa.ult.5. and D i s c u s s i o n
■Xhannal C h a r a c t e r i s t i c s
To c o m p a r e  t h e  a n a l y t i c a l  p e r f o r m a n c e s  o f  u n c o a t e d  a n d  c a r b i d e  
c o a t e d  f u r n a c e s ,  i t  i s  f i r s t  n e c e s s a r y  t o  c o m p a r e  t h e i r  t h e r m a l  
c h a r a c t e r i s t i c s ,  i . e . ,  t h e i r  c u r r e n t - t e m p e r a t u r e  b e h a v i o r .  The 
c u r r e n t - t e m p e r a t u r e  b e h a v i o r  o f  a  g r a p h i t e  f u r n a c e  i s  a f u n c t i o n  o f  
i n p u t  power ,  t i m e ,  f u r n a c e  mass ,  r e s i s t i v i t y  o f  t h e  g r a p h i t e  and h e a t  
l o s s  t h r o u g h  c o n d u c t io n ,  c o n v e c t i o n  and r a d i a t i o n  (9 , 60).
I d e a l l y ,  t h e  a p p l i c a t i o n  o f  a  c a r b i d e  c o a t i n g  s h o u ld  n o t  a d v e r s e l y  
a f f e c t  t h e  c u r r e n t - t e m p e r a t u r e  b e h a v i o r .  H o w e v e r ,  r e d u c t i o n s  i n  t h e  
r a t e s  o f  h e a t i n g  o f  f u r n a c e s  by p y r o l y t i c  c o a t i n g s  (18 )  a n d  some 
c a r b i d e  c o a t i n g s  (32 )  h a v e  b e e n  r e p o r t e d .  I f  t h e  c a r b i d e  c o a t i n g  
s u b s t a n t i a l l y  i n c r e a s e s  t h e  m a s s  o f  t h e  f u r n a c e  o r  d e c r e a s e s  t h e  
r e s i s t a n c e ,  t h e  r a t e  o f  h e a t i n g  o f  t h e  f u r n a c e  w i l l  be d e c r e a s e d .  A 
r e d u c t i o n  i n  h e a t i n g  r a t e  w i l l  r e s u l t  i n  a  d e c r e a s e  i n  p e a k  h e i g h t  
a b s o r b a n c e  (67* 68-). F i g u r e  3 - 7  i l l u s t r a t e s  t h e  e f f e c t  o f  r e d u c e d  
h e a t i n g  r a t e  on  p e a k  h e i g h t  a b s o r b a n c e  o f  25 Pi o f  a  70 p pb  Pb s a m p l e  
a t o m i z e d  i n  t h e  IL 655.
The r e s i s t a n c e s  o f  u n u s e d  ( I n s t r u m e n t a t i o n  L a b o r a t o r y )  u n c o a t e d  
f u r n a c e s  a n d  c a r b i d e  c o a t e d  f u r n a c e s  w e r e  m e a s u r e d  t o  be  76 a n d  80 
r a i l l i o h m s ,  r e s p e c t i v e l y .  R e s i s t a n c e s  o f  o l d e r  ( u s e d )  f u r n a c e s  w e r e  
s l i g h t l y  l e s s .  M easu rem en ts  o f  t h e  r e s i s t a n c e s  o f  p y r o l y t i c a l l y  c o a t e d  
f u r n a c e s  a l s o  show d e c r e a s e d  v a l u e s  r e l a t i v e  t o  u n c o a t e d  f u r n a c e s  ( 18).
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F i g u r e  3 - 7 .  E f f e c t  o f  f u r n a c e  h e a t i n g  r a t e  on a b s o r b a n c e  s i g n a l  of
25 x  10- 6 L o f  a  70 ppb Pb s o l u t i o n .  L e f t  t r a c e  g e n e r a t e d  
w i t h  s t e p  a t o m i z a t i o n ,  r i g h t  t r a c e s  w i t h  ramp a t o m i z a t i o n .  
Sweep r a t e  = 0 . 5  s e c / d i v .
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M easurem en ts  o f  e m i s s i o n  i n t e n s i t i e s  o f  f u r n a c e s  ( a t  580 nm) a s  a 
f u n c t i o n  o f  t e m p e r a t u r e  w ere  made i n  b o th  t e m p e r a t u r e  f e e d b a c k  and non­
f e e d b a c k  mode.  The  r e a s o n s  f o r  m a k i n g  t h e  m e a s u r e m e n t s  i n  t h e  tw o  
modes a r e :  1) a  s m a l l  change i n  t h e  c u r r e n t - t e m p e r a t u r e  b e h a v i o r  may be 
masked by t h e  t e m p e r a t u r e  fe e d b a c k  and 2 ) o l d e r  f u r n a c e s  s y s t e m s ,  such  
a s  t h e  HGA 7 4 ,  a r e  n o t  e q u i p p e d  w i t h  t e m p e r a t u r e  f e e d b a c k ,  r e q u i r i n g  
t h e  c o a t e d  f u r n a c e s  t o  h a v e  t h e r m a l  b e h a v i o r  s i m i l a r  t o  t h a t  o f  t h e  
u n c o a t e d  f u r n a c e s .
F i g u r e  3 - 8  i l l u s t r a t e s  t h e  e m i s s i o n  i n t e n s i t y - t i m e  p r o f i l e  o f  a 
f u r n a c e  i n  t h e  t e m p e r a t u r e  f e e d b a c k  mode.  Due t o  t h e  n a t u r e  o f  t h e  
r e c o r d i n g  sy s t e m  and t h e  2 -3  second t i m e  l a g  o f  t h e  t e m p e r a t u r e  s e n s o r ,  
t h e  r e c o r d e d  e m i s s i o n  i n t e n s i t i e s  c o r r e s p o n d  t o  t h e  h i g h e s t  t e m p e r a t u r e  
t h e  f u r n a c e  r e a c h e s ,  r a t h e r  t h a n  t h e  e q u i l i b r i u m  t e m p e r a t u r e  w h ich  i s  
i n d i c a t e d  by t h e  d i g i t a l  t e m p e r a t u r e  r e a d o u t .  At h i g h e r  t e m p e r a t u r e s ,  
t h e  d i f f e r e n c e  b e t w e e n  t h e  maximum t e m p e r a t u r e  a t t a i n e d  a n d  t h e  
e q u i l i b r i u m  t e m p e r a t u r e  i n d i c a t e d  i s  l a r g e r  t h a n  a t  low t e m p e r a t u r e s .
Maximum e m i s s i o n  i n t e n s i t i e s  a s  a f u n c t i o n  o f  t e m p e r a t u r e  a r e  
p l o t t e d  i n  F ig .  3-9 f o r  an u n c o a t e d  f u r n a c e s  and a TiC c o a t e d  f u r n a c e .  
The d a t a  i n d i c a t e  t h a t  t h e  f u r n a c e s  have  t h e  same c u r r e n t - t e m p e r a t u r e  
b e h a v i o r ,  b u t  s m a l l  d i f f e r e n c e s  may be h id d e n  due t o  t h e  a b i l i t y  o f  t h e  
f e e d b a c k  s y s t e m  t o  c o m p e n s a t e  f o r  t h e m .  H o w e v e r ,  c o m p a r i s o n  o f  
e m i s s i o n  i n t e n s i t y - t i m e  p r o f i l e s ,  such  a s  t h o s e  i n  Fig .  3 -8 ,  i n d i c a t e  
t h a t  t h e  r a t e s  o f  h e a t i n g  o f  t h e  f u r n a c e s  w e r e  t h e  s a m e ,  s u g g e s t i n g  
t h a t  no c u r r e n t - t e m p e r a t u r e  d i f f e r e n c e s  a r e  b e i n g  m a s k e d  by t h e  
feedba ck  c i r c u i t .  I d e n t i c a l  r e s u l t s  were  o b t a i n e d  w i t h  t h e  molybdenum 
and t u n g s t e n  c a r b i d e  c o a t e d  f u r n a c e s .
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F i g u r e  3 -8 .  T e m p e r a t u re - t im e  p r o f i l e s  o f  IL 655 f u r n a c e .  Em iss ion
o f  f u r n a c e  m easu red  a t  580 nm. Sweep r a t e  = 0 . 5  s e c / d i v .  
























F i g u r e  3 - 9 .  Comparison o f  t h e  th e rm a l  c h a r a c t e r i s t i c s  o f  a  TiC c o a t e d  and an  u n c o a t e d  f u r n a c e  by m e asu r ing  
e m is s io n  i n t e n s i t y  a t  580 nm a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  □  TiC f u r n a c e ,  O u n c o a t e d  f u r n a c e .
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I n  t h e  n o n - f e e d b a c k  mode ,  t h e  a m o u n t  o f  c u r r e n t  a p p l i e d  t o  t h e  
f u r n a c e  i s  h e l d  c o n s t a n t ,  a s  o p p o s e d  t o  t h e  f e e d b a c k  mode w h e r e  t h e  
a m o u n t  o f  c u r r e n t  i s  v a r i e d  i n  o r d e r  t o  m a i n t a i n  t h e  s e l e c t e d  
t e m p e r a t u r e .  S i n c e  a n  e q u a l  a m o u n t  o f  c u r r e n t  i s  a p p l i e d  t o  t h e  
f u r n a c e s ,  a n y  d i f f e r e n c e  i n  t h e  c u r r e n t - t e m p e r a t u r e  w i l l  be  e a s i l y  
s e e n .
Data ,  i n  t h e  fo rm o f  e m i s s i o n  i n t e n s i t i e s ,  f rom t h e  n o n - f e e d b a c k  
e x p e r i m e n t  a r e  p r e s e n t e d  i n  T a b le  3-4 .  No t e m p e r a t u r e s  a r e  r e p o r t e d  
b e c a u s e  i n  t h e  n o n - f e e d b a c k  mode t h e  d i g i t a l  t e m p e r a t u r e  r e a d o u t  i s  
d i s a b l e d .  To d e t e r m i n e  i f  t h e r e  i s  any  d i f f e r e n c e  i n  t h e  means o f  t h e  
e m i s s i o n  i n t e n s i t i e s ,  a  t  t e s t  was used .  The h y p o t h e s i s  b e i n g  t e s t e d  
i s  -  Ug) = 0 , t h a t  t h e r e  i s  no d i f f e r e n c e  i n  t h e  m e a n s  o f  t h e
e m i s s i o n  i n t e n s i t i e s  m e asu re d  w i t h  t h e  two f u r n a c e s .  The r e s u l t s  o f  
t h e  t  t e s t  a r e  a l s o  p r e s e n t e d  i n  T a b l e  3 - 4 .  The F t e s t  f o r  v a r i a n c e s  
i n d i c a t e s  t h e y  do n o t  d i f f e r ,  p e r m i t t i n g  a t  t e s t  t o  be  u s e d .  The 
c a l c u l a t e d  t  v a l u e  i s  2.005,  w hich  i s  be low t h e  c r i t i c a l  v a l u e :  ^ 9 5 (8 ) 
= 2 .3 0 6 .  T h e r e f o r e ,  we a c c e p t  t h e  h y p o t h e s i s  o f  no d i f f e r e n c e  a t  t h e  
95 % c o n f i d e n c e  l e v e l .  T h i s  means t h a t  no d i f f e r e n c e s  i n  t h e  t h e r m a l  
c h a r a c t e r i s t i c s  w e r e  d e t e c t e d  f o r  t h e  c o n d i t i o n s  e m p l o y e d .  I f  t h e  
t e m p e r a t u r e s  o f  t h e  f u r n a c e s  d i f f e r e d  by more t h a n  20 °C, t h e  e m i s s i o n  
i n t e n s i t y  d a t a  would r e f l e c t  t h e  d i f f e r e n c e  (3 6 ) .
Due t o  e x p e r i m e n t a l  r e s t r i c t i o n s ,  i t  was n o t  p o s s i b l e  t o  c o l l e c t  
t h e  e m i s s i o n  i n t e n s i t y  d a t a  i n  a  t r u l y  random manner.  Repea ted  f u r n a c e  
c h a n g e s  may m ask  a n y  d i f f e r e n c e s  i n  t h e r m a l  c h a r a c t e r i s t i c s  due  t o  
changes  i n  t h e  c o n t a c t  r e s i s t a n c e s  be tw een  t h e  f u r n a c e s  and e l e c t r o d e s .  
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t h e  p o s s i b i l i t y  o f  v a r y i n g  c o n t a c t s  i n f l u e n c i n g  t h e  r e s u l t s .  Though 
t h e  t  t e s t  i s  d e s i g n e d  f o r  u s e  w i t h  r a n d o m i z e d  d a t a ,  i t s  u s e  h e r e  
s h o u l d  s t i l l  a l l o w  a c c u r a t e  c o n c l u s i o n s  t o  be d r a w n .  I n  p r a c t i c e ,  
f u r n a c e  AA d a t a  i s  c o l l e c t e d  i n  t h i s  manner.  Comple te  r a n d o m i z a t i o n  o f  
t h i s  e x p e r i m e n t  w o u l d  r e s u l t  i n  t h e  i n t r o d u c t i o n  o f  an  a d d i t i o n a l  
s o u r c e  o f  e r r o r  which  may be l a r g e r  t h a n  t h e  e f f e c t  b e i n g  s t u d i e d .
A n a l y t i c a l  L i f e t i m e  M  t h e  Jjuifrlflfi. .g.pa£jLng
I t  i s  n e c e s s a r y  t o  d i s t i n g u i s h  be tw ee n  t h e  p h y s i c a l  and a n a l y t i c a l  
l i f e t i m e  o f  t h e  c a r b i d e  c o a t i n g s .  D a t a  p r e s e n t e d  i n  t h e  p r e v i o u s  
c h a p t e r  i n d i c a t e d  t h a t  t h e  p h y s i c a l  l i f e t i m e  o f  t h e  c o a t i n g s  w as  a t  
l e a s t  500 a t o m i z a t i o n s .  However,  t h e  d a t a  p r o v i d e  no i n f o r m a t i o n  on 
w h e t h e r  t h e  c a r b i d e  c o a t i n g  i s  a b l e  t o  p r o d u c e  u s e f u l  a n a l y t i c a l  
i n f o r m a t i o n  a f t e r  s u c h  r e p e a t e d  u s e .  The p h y s i c a l  p r e s e n c e  o f  a 
c o a t i n g  does  n o t  g u a r a n t e e  improved a n a l y t i c a l  p e r fo rm a n c e .
A number o f  f a c t o r s  i n f l u e n c e  i n  a n a l y t i c a l  l i f e t i m e  o f  a g r a p h i t e  
f u r n a c e .  R e p e a t e d  h i g h  t e m p e r a t u r e  f i r i n g s  c a n  q u i c k l y  r e n d e r  a 
g r a p h i t e  f u r n a c e  a n a l y t i c a l l y  u s e l e s s  (18). The p r e s e n c e  o f  c o r r o s i v e  
r e a g e n t s  i n  s am p le  m a t r i c e s  o r  a c i d s  u sed  i n  d i g e s t i o n  p r o c e d u r e s  can 
s h o r t e n  f u r n a c e  l i f e t i m e s  (3 1 ,  33) .  As a f u r n a c e  a g e s ,  i t ' s  p o r o s i t y  
may i n c r e a s e ,  p r e c l u d i n g  d e t e r m i n a t i o n s  o f  h i g h l y  r e f r a c t i v e  a n a l y t e s ,  
i . e . ,  Ba a n d  V, b u t  n o t  o f  t h e  m o re  v o l a t i l e  o n e s ,  i . e . ,  Cd and  Pb. I f  
a  f u r n a c e  b e g i n s  t o  e j e c t  i n c r e a s i n g  am ounts  o f  g r a p h i t e  p a r t i c l e s  as  
i t  a g e s ,  d e t e r m i n a t i o n  o f  a n a l y t e s  p o s s e s s i n g  s h o r t  w a v e l e n g t h  
r e s o n a n c e  l i n e s  may become i m p o s s i b l e  due t o  s c a t t e r i n g  ( 18).
To a s s e s s  t h e  u s e f u l  l i f e t i m e  o f  t h e  c o a t i n g  S i  was  chosen  a s  t h e
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t e s t  e l e m e n t  b eca u se  1) i t  r e q u i r e s  a  h i g h  a t o m i z a t i o n  t e m p e r a t u r e ,  2 ) 
i t  f o r m s  a s t a b l e  c a r b i d e  ( 6 9 ) a n d  3 ) a t  215 .6  nm, i t s  r e s o n a n c e  l i n e  
i s  s e n s i t i v e  t o  s c a t t e r i n g .  Each o f  t h e s e  p r o p e r t i e s  p r o v i d e s  a b a s i s  
f o r  e s t i m a t i n g  t h e  u s e f u l  l i f e t i m e  o f  t h e  c a r b i d e  c o a t i n g s .
D ata  f o r  t h e  c o a t i n g  l i f e t i m e  e x p e r i m e n t  a r e  p r e s e n t e d  i n  F i g u r e s  
3 - 1 0 ,  3 -1 1  a n d  3 - 1 2  f o r  t h e  u n c o a t e d ,  TiC c o a t e d  a n d  MoC c o a t e d
f u r n a c e s ,  r e s p e c t i v e l y .  As e x p e c t e d ,  t h e  u n e o a t e d  f u r n a c e  d e m o n s t r a t e d  
poor  s e n s i t i v i t y  f o r  S i .  I n  o r d e r  t o  o b t a i n  m e a s u r a b l e  a b s o r b a n c e s ,  i t  
was n e c e s s a r y  t o  d o u b le  t h e  c o n c e n t r a t i o n  o f  t h e  S i  s t a n d a r d  f rom 0.5 
ppm t o  1.0 ppm. The p l o t  o f  S i  a b s o r b a n c e  v s .  t h e  f i r i n g  n u m b e r  i n  
F ig .  3 -10 ,  shows a  e r r a t i c  d e c r e a s e  i n  t h e  a b s o r b a n c e  a s  t h e  f u r n a c e  i s  
f i r e d ,  i n d i c a t i n g  a c o n t i n u a l  l o s s  o f  s e n s i t i v i t y .  The low a b s o r b a n c e s  
s e e n  b e t w e e n  0 -7 0  f i r i n g  a r e  d u e  t o  a  " b r e a k - i n  p e r i o d "  w h i c h  i s  
so m e t im e s  r e q u i r e d  w i t h  u n c o a t e d  f u r n a c e s  b e f o r e  maximum s e n s i t i v i t y  i s  
o b t a i n e d  (2 3 ,  32) .  A r e g r e s s i o n  a n a l y s i s  p e r f o r m e d  on t h e  d a t a ,
n e g l e c t i n g  t h e  " b r e a k - i n  p e r i o d " ,  p r o v e s  a  s i g n i f i c a n t  n e g a t i v e  s lo p e .  
T o w a r d s  t h e  end  o f  t h e  f u r n a c e  l i f e t i m e  t h e  a b s o r b a n c e s  b e g a n  t o  
i n c r e a s e  c o n s i d e r a b l y .  By r e p l a c i n g  t h e  S i  h o l l o w  c a t h o d e  w i t h  a 
d e u t e r i u m  lamp, t h e  i n c r e a s e  i n  " ab s o rb a n c e "  was found t o  be caused  by 
s c a t t e r i n g  o f  s o u r c e  r a d i a t i o n .  A f t e r  370 f i r i n g s ,  t h e  f u r n a c e  was no 
l o n g e r  a n a l y t i c a l l y  u s e f u l .  The f u r n a c e  was p h y s i c a l l y  d e s t r o y e d  on 
t h e  420 th  f i r i n g .
D a t a  f o r  b o t h  o f  t h e  c a r b i d e  c o a t e d  f u r n a c e s  s h o w e d  m o re  c o n ­
s i s t e n t  r e s u l t s  t h a n  t h e  u n c o a t e d  f u r n a c e .  N e i t h e r  o f  t h e  c o a t e d  
f u r n a c e s  e x h i b i t e d  d e c r e a s i n g  s e n s i t i v i t i e s  d u r i n g  t h e  c o u r s e  o f  t h e  
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“ 6F i g u r e  3 -1 0 .  S t a b i l i t y  o f  u n c o a t e d  f u r n a c e  r e s p o n s e  t o  25 x 10 L
o f  a 1 . 0  ppm S i  s o l u t i o n  o v e r  t h e  l i f e t i m e  o f  t h e  f u r n a c e .  
Peak  h e i g h t  a b s o r b a n c e  v a l u e s  r e c o r d e d  e v e r y  t e n t h  atom­
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F i g u r e  3 -1 1 .  S t a b i l i t y  o f  TiC c o a t e d  f u r n a c e  r e s p o n s e  t o  25 x 10 L
o f  a  0 . 5  ppm S i  s o l u t i o n  o v e r  t h e  l i f e t i m e  o f  t h e  f u r n a c e .  
A bsorbance  v a l u e s  r e c o r d e d  e v e ry  t e n t h  a t o m i z a t i o n .  
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F i g u r e  3 -1 2 .  S t a b i l i t y  o f  MoC c o a t e d  f u r n a c e  r e s p o n s e  t o  25 x  10 L
o f  a  0 . 5  ppm S i  s o l u t i o n  o v e r  t h e  l i f e t i m e  o f  t h e  f u r n a c e .  
Peak  h e i g h t  a b s o r b a n c e  v a l u e s  r e c o r d e d  e v e r y  t e n t h  atom­
i z a t i o n .  S t a n d a r d  P .E .  c o n d i t i o n s  f o r  S i .
L
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d i d  t h e y  r e q u i r e  a s  l o n g  a wb r e a k - i n  p e r i o d "  ( b o t h  f u r n a c e s  r e q u i r e d  
f e w e r  t h a n  10 " b r e a k - i n "  a t o m i z a t i o n s ) .  When t h e  l i f e t i m e  o f  t h e  
u n c o a t e d  f u r n a c e  was r e a c h e d  (370 f i r i n g s ) ,  b o th  o f  t h e  c a r b i d e  c o a t e d  
f u r n a c e s  w ere  t e s t e d  f o r  s c a t t e r i n g ,  w i t h  n e g a t i v e  r e s u l t s .
The TiC c o a t e d  f u r n a c e  e x h i b i t e d  no m e a s u r a b l e  l o s s  i n  s e n s i t i v i t y  
n o r  a n y  s c a t t e r i n g  d u r i n g  t h e  e n t i r e  e x p e r i m e n t .  I t  w as  p o s s i b l e  t o  
m e asu re  a b s o r b a n c e s  w i t h  t h e  TiC f u r n a c e s  u n t i l  i t  was  d e s t r o y e d  a f t e r  
680 f i r i n g s .
The MoC f u r n a c e  showed a m odes t  i n c r e a s e  i n  a b s o r b a n c e  t o w a r d s  t h e  
l a t t e r  p a r t  o f  t h e  e x p e r i m e n t ,  w h i c h  w a s  f o u n d  t o  be c a u s e d  by 
s c a t t e r i n g .  Once t h e  s c a t t e r i n g  was o b s e rv e d  ( a f t e r  706 f i r i n g s ) ,  no 
more a b s o r b a n c e  m easurements  were  made.
The d a t a  f o r  a l l  o f  t h e  f u r n a c e s  had c o n s i d e r a b l e  v a r i a t i o n  o v e r  
t h e  c o u r s e  o f  t h e  e x p e r i m e n t .  Many p a p e r s  have  r e p o r t e d  v a r i a t i o n s  i n  
s e n s i t i v i t y  w i t h  s u c c e s s i v e  m e a s u r e m e n t s  w i t h  t h e  sam e  f u r n a c e  (9 ) .  
H o w e v e r ,  m o s t  o f  t h e  v a r i a t i o n  i n  a b s o r b a n c e s  c a n  p r o b a b l y  be 
a t t r i b u t e d  t o  t h e  amount  o f  t i m e  r e q u i r e d  t o  c o m p l e t e  t h e  e x p e r i m e n t .  
I n  o r d e r  t o  o b t a i n  a r e l i a b l e  e s t i m a t e  o f  t h e  c o a t i n g  l i f e t i m e ,  t h e  
f u r n a c e s  were  s u b j e c t e d  t o  t h e  same d r y / c h a r / a t o m i z e  c y c l e  a s  a  f u r n a c e  
i n  a n  a c t u a l  d e t e r m i n a t i o n .  The t i m e  r e q u i r e d  f o r  o n e  a t o m i z a t i o n  
c y c l e  was s l i g h t l y  g r e a t e r '  t h a n  two m i n u t e s ,  making  t h e  t i m e  needed t o  
c o m p l e t e  t h e  l i f e t i m e  s t u d y  o f  e a c h  o f  t h e  f u r n a c e s  g r e a t e r  t h a n  20 
h o u r s .  I t  w as  n o t  p r a c t i c a l  t o  do t h e  e x p e r i m e n t  n o n - s t o p ,  s o  t h e y  
w e r e  s p r e a d  o u t  o v e r  a  p e r i o d  o f  t i m e ;  n o r  w as  i t  p o s s i b l e  t o  s e t  up 
t h e  i n s t r u m e n t  t o  g i v e  i d e n t i c a l  r e s p o n s e  e a c h  t i m e .  I n  a d d i t i o n ,  
s h o r t  t e rm  i n s t r u m e n t a l  d r i f t  was n o t i c i b l e  a t  t i m e s ,  which  c o n t r i b u t e d
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t o  som e  o f  t h e  v a r i a t i o n .  S i n c e  a n  a u t o s a m p l e r  w a s  n o t  a v a i l a b l e ,  
m a n u a l  p i p e t t i n g  w a s  n e c e s s a r y ,  i n c r e a s i n g  t h e  v a r i a t i o n  i n  t h e  
a b s o r b a n c e s  d u e  t o  t h e  d i f f i c u l t y  i n  p l a c i n g  t h e  s a m p l e  i n  t h e  s am e  
l o c a t i o n  i n  t h e  f u r n a c e .
Even w i t h  t h e  v a r i a t i o n  i n  t h e  o b s e rv e d  S i  a b s o r b a n c e s ,  t h e  d a t a  
d e m o n s t r a t e d  t h a t  t h e  c a r b i d e  c o a t i n g  d o e s  l a s t  f o r  v i r t u a l l y  t h e  
e n t i r e  l i f e t i m e  o f  t h e  f u r n a c e .  I n  a d d i t i o n ,  c o a t e d  f u r n a c e s  c a u s e d  
l e s s  s c a t t e r i n g  th a n  u n c o a t e d  f u r n a c e s  and e x h i b i t e d  a p p r o x i m a t e l y  a  2-  
3 f o l d  i n c r e a s e  i n  s e n s i t i v i t y  f o r  S i .
P e r k i n - E l m e r  HGA 7 4 / J a r r e l l - A s h  85-80 .5y.at.em
S i n c e  t h e  J a r r e l l - A s h  85-80 s e r i e s  a t o m i c  a b s o r p t i o n  s p e c t r o m e t e r  
was o r i g i n a l l y  d e s i g n e d  a s  a  f l a m e  i n s t r u m e n t ,  i t s  u s e  w i t h  t h e  P e r k i n -  
E lm er  HGA 74 t o  d e t e r m i n e  s i g n a l  en h an c em en ts  f o r  t h e  v a r i o u s  c a r b i d e  
c o a t i n g s  r e s t r i c t e d  t h e  number o f  e l e m e n t s  w h ich  c o u ld  be s t u d i e d .  The 
c h a r a c t e r i s t i c s  o f  t h e  s y s t e m  w h i c h  h a d  t h e  l a r g e s t  e f f e c t  w e r e  t h e  
a m p l i f i e r  r e s p o n s e  t i m e  a n d  t h e  i n a b i l i t y  o f  t h e  m o n o c h r o m a t o r  t o  
r e j e c t  f u r n a c e  e m i s s i v i t y .
As d i s c u s s e d  p r e v i o u s l y , "  a  f u n d a m e n t a l  d i f f e r e n c e  be tw een  f l a m e  
and f u r n a c e  AA i s  t h e  n a t u r e  o f  t h e  s i g n a l s  g e n e r a t e d .  The J a r r e l l - A s h  
s p e c t r o m e t e r  was d e s i g n e d  t o  d e t e c t  t h e  e q u i l i b r i u m  s i g n a l s  g e n e r a t e d  
i n  f l a m e  AA, a s  shown i n  Fig .  3-1- The t i m e  c o n s t a n t  o f  t h e  a m p l i f i e r  
w as  t o o  l o n g  t o  be  a b l e  t o  a c c u r a t e l y  f o l l o w  t h e  t r a n s i e n t  s i g n a l s  
g e n e r a t e d  by v o l a t i l e  e l e m e n t s  i n  t h e  HGA 74. T h i s  r e s u l t e d  i s  s e v e r e  
d e v i a t i o n s  f r o m  l i n e a r i t y  i n  t h e  c a l i b r a t i o n  c u r v e s  o f  Cd, Cu and  Pb 
s i n c e  t h e  s i g n a l s  g e n e r a t e d  by t h e s e  e l e m e n t s  d e c a y e d  b e f o r e  t h e
/
86
a m p l i f i e r  c o u l d  r e s p o n d  t o  them. C o n s eq u en t ly ,  no s a t i s f a c t o r y  r e s u l t s  
w ere  o b t a i n e d  f o r  t h e s e  e l e m e n t s  w i t h  t h i s  sy s tem .  S e v e re  d e v i a t i o n s  
f r o m  l i n e a r i t y  i n  c a l i b r a t i o n  c u r v e s  o f  Cd a n d  Cu h a v e  b e e n  o b s e r v e d  
when i n s t r u m e n t s  w i t h  l o n g  t i m e  c o n s t a n t s  have been  u s e d  (6 , 70, 71).
F o r  Cd a n d  Pb,  m e a s u r e d  a b s o r b a n c e s  f o r  c a r b i d e  c o a t e d  f u r n a c e s  
w ere  g e n e r a l l y  l o w e r  t h a n  w i t h  u n c o a t e d  f u r n a c e s .  T ab le  3-5  c o n t a i n s  
a b s o r b a n c e  d a t a  f o r  Cd a n d  Pb o b t a i n e d  w i t h  v a r i o u s  f u r n a c e s .  The 
l o w e r  a b s o r b a n c e s  o b t a i n e d  w i t h  t h e  c a r b i d e  c o a t e d  f u r n a c e s  i s  p r o b a b ly  
caused  by a change i n  t h e  a t o m i z a t i o n  r a t e  due t o  t h e  c a r b i d e  c o a t i n g .  
C h a k r a b a r t i  e t .  a l .  have  measured  a t o m i z a t i o n  t i m e  ( t.j) and r e s i d e n c e  
t i m e  (Tg) f o r  a  v a r i e t y  o f  e l e m e n t s  a n d  f o u n d  t h a t  Cd a n d  Pb h a v e  t h e  
s h o r t e s t  a n d  t 2 o f  a l l  t h e  e l e m e n t s  s t u d i e d  (6 0 ) .  I n  a s i m i l a r  
s tu d y ,  C h a k r a b a r t i  e t .  a l .  a l s o  found  and x2 v a l u e s  t o  be d e c r e a s e d  
when a  p y r o l y t i c a l l y  c o a t e d  f u r n a c e  was  u sed  a s  a  r e s u l t  o f  d e c r e a s e d  
p e n e t r a t i o n  o f  t h e  a n a l y t e  i n t o  t h e  f u r n a c e .  S i n c e  t h e  c a r b i d e  c o a t i n g  
a l s o  p r e v e n t s  t h e  a n a l y t e  f rom s o a k i n g  i n t o  t h e  g r a p h i t e ,  t h e  v a l u e s  o f  
and x 2 s h o u ld  a l s o  be d e c r e a s e d  r e l a t i v e  t o  t h e  v a l u e s  m easured  i n  
an u n c o a t e d  f u r n a c e .
The d e c r e a s e d  a t o m i z a t i o n  and r e s i d e n c e  t i m e s  w i l l  r e s u l t  i n  an 
even  s h o r t e r  s i g n a l  t o  w h ich  t h e  a m p l i f i e r  can n o t  respond .  S in c e  t h e  
a m p l i f i e r  c a n n o t  f o l l o w  t h e  s i g n a l s ,  t h e  a b s o r b a n c e s  w i l l  a p p e a r  t o  
d e c r e a s e  when t h e  c a r b i d e  c o a t e d  f u r n a c e s  a r e  used .  Data c o n f i r m i n g  
t h e  t.j a n d  v a l u e s  d e c r e a s e  when a t o m i z i n g  f r o m  c a r b i d e  c o a t e d  
f u r n a c e s  a r e  p r e s e n t e d  i n  t h e  f i n a l  s e c t i o n  o f  t h i s  c h a p t e r .  The 
number o f  e l e m e n t s  which  c o u ld  be s t u d i e d  was f u r t h e r  r ed u ce d  by t h e  





Pb and Cd A bsorbances  w i t h  V a r io u s  F u rn a c e s
F urnace T i Mo W Uncoal
(3  r e p l i c a t e s )
mean 0 .2 3 6 0 .2 9 8 0 .306 0 .3 8 0
SD 0 .024 0.039 0 .0 1 2 0 .0 1 8
RSD, % 10 .2 13.1 3 .9 4 .7
(5 r e p l i c a t e s )
mean 0 .1 3 6 0 .153 0 .1 4 8 0 .2 9 8
SD 0 .0 1 0 0 .0 2 3 0 .0 2 3 0 .0 3 4
RSD, % 7 . 4 15.5 15.5 11 .8
A bsorbances  o f  25 x 10“ ^ L sam ples  o f  0 .5 0  ppm Pb and 0 .0 0 5  ppm Cd.
/
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e m i s s i v i t y  a t  h i g h  t e m p e r a t u r e s  (> 2300 °C) .  T h i s  p r o b l e m  i s  
e n c o u n t e r e d  f r e q u e n t l y ,  e s p e c i a l l y  when o l d e r  f l a m e  i n s t r u m e n t a t i o n  i s  
u sed  f o r  f u r n a c e  work.  I n  o r d e r  t o  m i n im i z e  t h i s  p rob lem ,  s l i t  h e i g h t  
r e d u c e r s  a r e  a v a i l a b l e  from some i n s t r u m e n t  m a n u f a c t u r e r s  (64 ,  65 ) .
To r e d u c e  e f f e c t  o f  f u r n a c e  e m i s s i v i t y  on  t h e  H G A / J a r r e l l - A s h  
s y s t e m ,  a n u m b e r  o f  m o d i f i c a t i o n s  w e r e  made.  F i r s t  t h e  p h o t o m u l t i ­
p l i e r  tu b e  g a i n  was  s e t  a s  low a s  p o s s i b l e .  Second,  t h e  h o l lo w  c a th o d e  
lam ps  were  o p e r a t e d  i n  t h e  h ig h  i n t e n s i t y  mode o f  t h e  s p e c t r o m e t e r  a t  
t h e i r  recommended c u r r e n t .  And f i n a l l y ,  t h e  s l i t  w i d t h s  were  reduced .  
Even w i t h  t h e s e  m o d i f i c a t i o n s  t h e  e f f e c t  o f  f u r n a c e  e m i s s i v i t y  was o n ly  
s l i g h t l y  r e d u c e d .
I n  o r d e r  t o  e l i m i n a t e  t h e  p r o b l e m ,  i t  w a s  n e c e s s a r y  t o  p l a c e  a 
f i l t e r  o u t s i d e  t h e  e n t r a n c e  s l i t .  The f i l t e r  c o n s i s t e d  o f  a  10 ml 
s o l u t i o n  o f  3*0311 g r a m s  o f  NiSO^ a n d  0 .8 6 4 8  g r a m s  o f  CoSO^. T h i s  
s o l u t i o n  w a s  p l a c e d  i n  a 1 cm q u a r t z  c u v e t t e  a n d  f i x e d  o u t s i d e  t h e  
e n t r a n c e  s l i t .  F i g .  3 - 1 3  s h o w s  t h e  a b s o r b a n c e  s p e c t r u m  o f  a  d i l u t e d  
s a m p l e  o f  t h e  f i l t e r  s o l u t i o n .  The f i l t e r  w as  a b l e  t o  r e d u c e  t h e  
e f f e c t  o f  f u r n a c e  e m i s s i o n  when  u s e d  w i t h  t h e  a b o v e  m o d i f i c a t i o n s ,  
p r o v i d e d  t h e  a t o m i z a t i o n  s t e p  o f  t h e  h e a t i n g  c y c l e  w as  k e p t  b e l o w  10 
se c o n d s .
As a r e s u l t  o f  t h e  l o n g  i n s t r u m e n t a l  r e s p o n s e  t i m e  and th e  f u r n a c e  
e m i s s i v i t y ,  t h e  f o l l o w i n g  r e s t r i c t i o n s  w e r e  p l a c e d  on  t h e  e l e m e n t s  
w h i c h  c o u l d  be  s t u d i e d  u s i n g  t h e  HGA 7 4 / J a r r e l l - A s h  s y s t e m :  1) t h e
e l e m e n t s  m u s t  be l e s s  v o l a t i l e  t h a n  Cu a n d  2) t h e  e l e m e n t s  m u s t  
p o s s e s s  a  s u i t a b l e  r e s o n a n c e  l i n e  i n  t h e  s p e c t r a l  r e g i o n  2 3 0 -3 2 0  nm, 











22 0 320 850
W A V ELENGTH, n m
F i g u r e  3 -1 3 .  UV a b s o r b a n c e  s p e c t ru m  o f  N iS0 ,/CuS0^  s o l u t i o n  u sed  as
f i l t e r  t o  r e d u c e  f u r n a c e  e m i s s i o n  r e a c h i n g  t h e  d e t e c t o r .  
S o l u t i o n  d i l u t e d  by  a  f a c t o r  V5 f o r  s p e c t r u m .
Even  w i t h  t h e s e  c o n s t r a i n t s ,  a  n u m b e r  o f  e l e m e n t s ,  i n c l u d i n g  some 
c a r b i d e - f o r m e r s ,  were  a b l e  t o  be s u c c e s s f u l l y  s t u d i e d .
N o n - C a r b i d e  F o r m i n g  -ELement-S. D e t e r m i n a t i o n  o f  Ni a n d  Co, b o t h  
n o n - c a r b i d e  f o r m i n g  m e t a l s ,  i n  t h e  g r a p h i t e  f u r n a c e  h a s  been  c o n s i d e r e d  
d i f f i c u l t ,  e s p e c i a l l y  d u e  t o  a v a r i e t y  o f  i n t e r f e r e n c e s  p r e s e n t  i n  
s am p le  m a t r i c e s  (5, 72, 73).  To a s s e s s  t h e  s e n s i t i v i t y  o f  t h e  c a r b i d e  
c o a t e d  f u r n a c e s  f o r  n o n - c a r b i d e  f o r m i n g  m e t a l s .  Ni a n d  Co w e r e  
s t u d i e d .  E n h a n c e m e n t  o f  t h e  a b s o r b a n c e  s i g n a l s  o f  t h e s e  m e t a l s  by 
c a r b i d e  c o a t i n g s  h a s  been  o b s e r v e d  (39,  47).  No d i f f i c u l t i e s  w ere  e n ­
c o u n t e r e d  i n  d e t e r m i n i n g  e i t h e r  Ni o r  Co w i t h  t h e  HGA 7 4 / J a r r e l l - A s h  
s y s tem .  The p r e c i s i o n  o f  r e p l i c a t e  a b s o r b a n c e  m e a su re m e n t s  was good 
( T a b l e  3 - 6 ) .  I n  g e n e r a l ,  t h e  e x p e r i m e n t a l  a b s o r b a n c e  d a t a  c o u l d  be 
f i t t e d  t o  l i n e a r  m o d e l s  g o i n g  t h r o u g h  t h e  o r i g i n .  F i g .  3 - 1 4  s h o w s  
e x p e r i m e n t a l  a b s o r b a n c e s  f i t t e d  t o  a  r e g r e s s i o n  l i n e  f o r  a  Co d e t e r m i n ­
a t i o n  u s i n g  a WC c o a t e d  f u r n a c e .
Though t h e  r e s u l t s  o f  t h e  i n d i v i d u a l  d e t e r m i n a t i o n s  w ere  good,  t h e  
d a t a  i n d i c a t e  no s i g n a l  enhancem ent  f o r  e i t h e r  Ni o r  Co when a c a r b i d e  
c o a t e d  f u r n a c e  i s  u s e d .  F i g .  3 - 1 5  a n d  3 - 1 6  show c a l i b r a t i o n  c u r v e s  
g e n e r a t e d  f o r  Co a n d  N i ,  r e s p e c t i v e l y ,  u s i n g  t h e  v a r i o u s  c o a t e d  
f u r n a c e s  a n d  a n  u n c o a t e d  f u r n a c e .  U s i n g  t h e  c a l i b r a t i o n  f u n c t i o n s  
d e t e r m i n e d  w i t h  t h e  LNREG p r o g r a m  ( 6 6 ),  s e n s i t i v i t i e s  a n d  d e t e c t i o n  
l i m i t s  o f  t h e  v a r i o u s  f u r n a c e s  f o r  t h e s e  p a r t i c u l a r  d e t e r m i n a t i o n s  were  
c a l c u l a t e d .  These r e s u l t s  a r e  p r e s e n t e d  i n  T ab le  3-7 a l o n g  w i t h  manu­
f a c t u r e r  s e n s i t i v i t i e s .  These  d a t a  a r e  n o t  meant  t o  e s t a b l i s h  a  s e n s i ­
t i v i t y  o r  d e t e c t i o n  l i m i t  f o r  t h e  m e t h o d ,  b u t  r a t h e r  a s  a  b a s i s  o f  
co m p a r i s o n  f o r  f u r n a c e s .  The c a l c u l a t e d  d a t a ,  which  shows e x p e r i m e n t a l
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Table 3-6
P r e c i s i o n  f o r  T h ree  R e p l i c a t e  A bsorbance  Measurements
S t d  C o n c e n t r a t i o n  (ppm)
M eta l  0 .2 4 8  0 .3 7 2  0 .495
RSD, *
Co (1)  2 .23*  4 .4 8 *  3-73?
Co (2)  6 .96*  1 .62*  6 .17*
Ni 2 .16*  7 .0 2 *  4 .54*
RSD o f  t h r e e  r e p l i c a t e  a b s o r b a n c e  m e a s u r e m e n t s  made  25 x 1 0 " ^  L 
i n j e c t i o n s  o f  e a c h  s t a n d a r d .  Co (1)  m e a s u r e m e n t s  made  u s i n g  a  TiC 
f u r n a c e ,  Co (2) m e a su re m e n t s  w i t h  an u n c o a t e d  f u r n a c e  and Ni w i t h  a WC 
c o a t e d  f u r n a c e .
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0.0 0.25 0.50 0.75
Co CONCENTRATION, ppm
F i g u r e  3 -1 4 .  Peak  h e i g h t  c a l i b r a t i o n  c u r v e  f o r  Co showing p r e c i s i o n  o f  
3 s u c c e s s i v e  a t o m i z a t i o n s  o f  25 x 10- ®L s a m p l e s ,  d e t e r ­
mined i n  t h e  HGA w i t h  a  WC c o a t e d  f u r n a c e  u s i n g  s t a n d a r d  











F i g u r e  3 -1 5 .  Comparison o f  Co p eak  h e i g h t  c a l i b r a t i o n  c u r v e s  g e n e r a t e d  
i n  t h e  HGA 74 u s i n g  t h e  v a r i o u s  c o a t e d  f u r n a c e s  w i t h  TiC 
c o a t e d  ( T i ) ,  an  u n c o a t e d  (U) ,  a  MoC c o a t e d  (Mo) and a 
WC c o a t e d  f u r n a c e  (W), u s i n g  s t a n d a r d  P .E .  c o n d i t i o n s  










ao 0.20 0.40 Qj60
Ni CONCENTRATION, ppm
F i g u r e  3 -1 6 .  Comparison o f  Ni p e a k  h e i g h t  c a l i b r a t i o n  c u r v e s  g e n e r a t e d  
i n  t h e  HGA 74 u s i n g  t h e  v a r i o u s  c o a t e d  f u r n a c e s  w i t h  a 
TiC c o a t e d  ( T i ) , an  u n c o a t e d  (U ) , a  MoC c o a t e d  (Mo) and 
a WC c o a t e d  f u r n a c e  (W), u s i n g  s t a n d a r d  P .E .  c o n d i t i o n s  




S e n s i t i v i t y  and D e te c t io n  L i m i t s  f o r  Ni and Co
Co
S e n s i t i v i t y
D e te c t io n s
L im i t
M a n u fa c tu r e r3
S e n s i t i v i t y
F u rn ace
T i 1 .75 X 102 2 .2 0 X 1 0 "11
Mo 2 .5 5 X 102 1.70 X 10"9
W 4 .10 X 102 2 .0 8 X 10“ 9
u n c o a te d 2 .3 0 X 102 1.49 X 10"9 80
Ni
F urnace
T i 2 .09 X
CMo
3 .2 5 X 10“9
Mo 1.59 X
CMO
3 .5 8 X 10“9
W 1.83 X 102 2 .59 X 10-9
u n c o a te d 1.76 X 102
COon•CM X
cr>Io 140
S e n s i t i v i t y  i s  d e f in e d  a s  t h e  number o f  p ic o g ra m s  o f  a n a l y t e  r e q u i r e d  to  
g iv e  a  1% a b s o rb a n c e  (0 .0 0 4 4  Abs u n i t s ) .
The d e t e c t i o n  l i m i t ,  d e t e r m i n e d  w i t h  t h e  LNREG p r o g r a m  (6 6 ) ,  i s  
c a l c u l a t e d  from t h e  e q u a t io n :
D.L. ( T - s t a t i s t i c ) ( S t d .  Dev. o f  y a b o u t  r e g r e s s i o n  l i n e )  
s lo p e  o f  r e g r e s s i o n  l i n e
a  -  M a n u f a c t u r e r  s e n s i t i v i t y  d e t e r m i n e d  u s i n g  a  p y r o l y t i c a l l y  c o a te d  
f u r n a c e .
t o  be o n ly  s l i g h t l y  h i g h e r  th a n  t h e  m a n u fa c tu r e r  s e n s i t i v i t i e s ,  a l s o  
i n d i c a t e d  t h a t  t h e r e  i s  no s i g n i f i c a n t  im provem en t i n  t h e  a n a l y t i c a l  
p e rfo rm a n ce  w i th  c o a te d  f u r n a c e s .
C a rb id e  Form ing  E le m e n ts .  I n  c o n t r a s t  t o  th e  d i s a p p o i n t i n g  d a t a  
o b ta in e d  f o r  n o n - c a r b id e  fo rm in g  m e ta l s ,  t h e  c a r b i d e  c o a te d  f u r n a c e s  
y i e l d e d  th e  e x p e c te d  im p ro v em en ts  when th e  c a r b i d e - f o r m in g  m e t a l s  S i  
a n d  Be w e r e  s t u d i e d .  A l l  c o a t e d  f u r n a c e s  d e m o n s t r a t e d  s e v e r a l  f o l d  
s i g n a l  e n h a n c e m e n t s  o v e r  u n c o a t e d  f u r n a c e s .  S i g n a l  e n h a n c e m e n t s  
o b ta in e d  u s in g  c a r b i d e  c o a te d  f u r n a c e s  have  been  r e p o r t e d  f o r  S i  (43, 
44) and Be (3 6 ,  3 9 ) .
As w i t h  t h e  N i and- Co d e t e r m i n a t i o n s ,  S i  a n d  Be d e t e r m i n a t i o n s  
a l s o  e x h i b i t e d  g o o d  p r e c i s i o n  ( T a b l e  3 - 8 ) .  To d e s c r i b e  t h e  
e x p e r i m e n t a l  d a t a ,  l i n e a r  m o d e l s  p a s s i n g  t h r o u g h  t h e  o r i g i n  w e r e  
a d e q u a t e .  F ig .  3 -1 7  s h o w s  t h e  e x p e r i m e n t a l  a b s o r b a n c e s  f i t t e d  t o  a 
r e g r e s s i o n  l i n e  f o r  t h e  S i  d e t e r m i n a t i o n  w i t h  a  MoC f u r n a c e .  O t h e r  
c a l i b r a t i o n  c u rv e s  o b t a in e d  w i th  v a r i o u s  f u r n a c e s  a r e  shown i n  F ig . 3 -  
18 f o r  S i  an d  F ig .  3 -1 9  f o r  Be. F o r  a l l  c o a t e d  f u r n a c e s ,  a n  i n c r e a s e  
i n  r e s p o n s e  i s  se e n  f o r  b o th  m e ta l s .  These r e s u l t s  w ere  d u p l i c a t e d  i n  
s u b s e q u e n t  e x p e r im e n ts  u s in g  d i f f e r e n t  c o a te d  and u n c o a te d  f u r n a c e s .
U sing  th e  r e g r e s s i o n  d a t a ,  s e n s i t i v i t i e s  and d e t e c t i o n  l i m i t s  f o r  
t h e s e  p a r t i c u l a r  d e t e r m i n a t i o n s  w e r e  c a l c u l a t e d  ( T a b l e  3 - 9 ) .  T h e s e  
d a t a  d e m o n s t r a t e  t h e  i n c r e a s e d  s e n s i t i v i t y  o f  t h e  c a r b i d e  c o a t e d  
f u r n a c e s  f o r  c a r b i d e  fo rm ing  a n a l y t e s .
To d e t e r m in e  s i g n a l  enhancem en t,  t h e  a b s o rb a n c e  d a t a  o b ta in e d  w i th  
t h e  u n c o a te d  fu r n a c e  i s  u sed  w i t h  t h e  r e g r e s s i o n  e q u a t io n  d e te rm in e d
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Table 3-8
P r e c i s i o n  f o r  T h ree  R e p l i c a t e  A bsorbance  M easurem ents
S td  C o n c e n t r a t i o n  (ppm)
.496  .995  1 .49
RSD, %
5 .2  5 .6  6 .7
7 .9  15 .7  12.6
S td  C o n c e n t r a t i o n  (ppm)
0 .0 0 5  ppm 0 .0 1 0  ppm
RSD, %
Be (1) 6 .4  8 .3
Be (2 )  9 -9  7 .9
RSD o f  t h r e e  r e p l i c a t e  a b s o r b a n c e  m e a s u r e m e n t s  m ade w i t h  25 x 10“ ® L 
i n j e c t i o n s  o f  ea c h  s t a n d a r d .  S i  (1) m e asu re m en ts  made w i t h  Mo f u r n a c e  
S i  (2 )  w i t h  a n  u n c o a t e d  f u r n a c e ,  Be (1 )  w i t h  a T i  c o a t e d  f u r n a c e  a n d  Be 
( 2 ) w i th  an  u n c o a te d  f u r n a c e .
0 .0 1 5  ppm 
6 .3
M eta l
S i  (1) 














F ig u r e  3 -1 7 .  Peak  h e i g h t  c a l i b r a t i o n  c u rv e  f o r  S i  showing th e  p r e c i s i o n  
o f  3 s u c c e s s i v e  a b s o rb a n c e  m easurem en ts  o f  25 x  10“ 
sam ples  d e te rm in e d  i n  t h e  HGA 74 w i th  a  MoC c o a te d  f u r n a c e  














F ig u r e  3 -1 8 .  Com parison o f  S i  p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  g e n e r a t e d  
i n  t h e  HGA 74 w i th  t h e  v a r i o u s  c o a te d  f u r n a c e s  w i th  a  TiC 
c o a te d  ( T i ) ,  an  u n c o a te d  (U ), and MoC c o a te d  (Mo) and a  
















F ig u r e  3 -1 9 .  C om paris ion  o f  Be peak  h e i g h t  c a l i b r a t i o n  c u rv e s  g e n e r a t e d  
i n  t h e  HGA 74 w i th  t h e  v a r i o u s  c o a te d  f u r n a c e s  w i th  a  
TiC c o a te d  ( T i ) , a n  u n c o a te d  (U ), an  MoC c o a te d  (Mo) and 
a  WC c o a te d  f u r n a c e  (W) u s in g  s t a n d a r d  P .E .  c o n d i t i o n s  




S e n s i t i v i t y  and  D e te c t i o n  L im i t s  f o r  S i  and Be
D e te c t i o n  M a n u fa c tu r e r3,
S i  S e n s i t i v i t y  L im i t  S e n s i t i v i t y
F u rnace
T i 6 .1 8 X 102 8 .2 8 X O 1 V
O
Mo 4 .3 8 X 102 4 .0 5 X 10"9
W 5 .9 8 X 102 8 .9 5 X 10 "9
u n c o a te d 3 .3 8 X 103 9 .0 8 X 10"9 120
Be
F urnace
T i 1 .88 2 .2 4  x 10" 11
Mo 2 .3 8 6 .1 4  x 10-10
W 3 .0 5 4 .4 7  x 10"11
u n c o a te d 5 .15 8 .3 6  x 10“ 10 8
S e n s i t i v i t y  i s  d e f in e d  a s  t h e  num ber o f  p ic o g ra m s  o f  a n a l y t e  r e q u i r e d  t o  
g iv e  a  1$ a b s o rb a n c e  (0 .0 0 4 4  a b s ) .
The d e t e c t i o n  l i m i t ,  d e t e r m i n e d  w i t h  t h e  LNREG p r o g r a m  ( 6 6 ) ,  i s  
c a l c u l a t e d  from th e  e q u a t io n :
P ^  _ ( T - s t a t i s t i c ) ( S t d .  Dev. o f  y a b o u t  r e g r e s s i o n  l i n e )
s lo p e  o f  r e g r e s s i o n  l i n e
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f o r  t h e  c o a t e d  f u r n a c e .  The r a t i o  o f  t h e  c o n c e n t r a t i o n s  u s e d  t o  
g e n e r a t e  t h e  a b s o rb a n c e  d a t a  w i th  t h e  u n c o a te d  f u r n a c e  t o  t h e  concen­
t r a t i o n s  o b t a i n e d  w hen t h e  u n c o a t e d  f u r n a c e  d a t a  i s  a p p l i e d  t o  t h e  
c a r b i d e  f u r n a c e  r e g r e s s i o n  e q u a t i o n  i s  d e f i n e d  a s  t h e  e n h a n c e m e n t .  
T a b l e  3 -1 0  s h o w s  a  s a m p l e  c a l c u l a t i o n  f o r  S i  an d  t h e  r e s u l t s  f o r  an  
i d e n t i c a l  c a l c u l a t i o n  u s in g  Be d a ta .  T h is  d a t a  i n d i c a t e s  th e  s u p e r i o r ­
i t y  o f  c a r b i d e  c o a t e d  f u r n a c e s  o v e r  u n c o a t e d  f u r n a c e s  f o r  a n a l y t e s  
c a p a b le  o f  fo rm in g  c a r b i d e s .
n £  tJaa Car .b ld e  £aa£JLn&a. o f  a i l  t h e  e l e m e n t s  
s t u d i e d  w i th  t h e  HGA 7 4 / J a r r e l l - A s h  s y s te m ,  th e  m ost s e n s i t i v e  a n a l y s e s  
o b ta in e d  w ere  w i t h  Be. As a  r e s u l t ,  Be was u sed  a s  th e  t e s t  e l e m e n t  t o  
d e t e r m in e  t h e  r e p r o d u c i b i l i t y  o f  t h e  v a r i o u s  c a r b i d e  c o a t i n g s  (T ab le  3 -  
11). E n h a n c e m e n t s  sh o w n  w e r e  c a l c u l a t e d  f r o m  t h e  a v e r a g e  o f  5 
s u c c e s s i v e  a b so rb a n c e  m e asu re m en ts  f o r  b o th  th e  MoC and WC f u r n a c e s .  
F o r  TiC f u r n a c e s ,  t h e  e x p e r i m e n t  w as  d u p l i c a t e d  a t  a  d i f f e r e n t  t i m e .  
T h e s e  r e s u l t s  a r e  l i s t e d  i n  c o lu m n s  a  an d  b. The a s t e r i s k s  i n d i c a t e  
f u r n a c e s  w h ic h  w e r e  c o a t e d  i n  a  d i f f e r e n t  b a t c h  t h a n  t h e  o t h e r s  i n  a 
p a r t i c u l a r  column.
R e s u l t s  o f  ANOVA t e s t s  on  t h e  a b s o r b a n c e s  u s e d  t o  c a l c u l a t e  t h e  
s i g n a l  en h an cem en ts  a r e  a l s o  p r e s e n te d  i n  T ab le  3-11* B a r t l e t t ' s  t e s t  
f o r  t h e  h o m o g e n e i t y  o f  v a r i a n c e s  i n d i c a t e d  no d i f f e r e n c e  i n  t h e  
v a r i a n c e s  i n  t h e  a b s o rb a n c e  m easu rem en ts  f o r  t h e  f u r n a c e s  w i th  each  o f  
t h e  c o a t i n g s ,  p e r m i t t i n g  ANOVA. The c a l c u l a t e d  F v a l u e  f o r  t h e  TiC 
f u r n a c e s  (2 .1 6 )  i s  b e lo w  t h e  c r i t i c a l  v a l u e  ( ^ 9 5  ( 4 ,1 5 )  = 3 .0 6 ) ,  
a l l o w i n g  a c c e p t a n c e  o f  t h e  h y p o t h e s i s  o f  no d i f f e r e n c e  a t  t h e  9 5% 




Sample C a l c u l a t i o n  t o  D e te rm in e  Enhancem ents 
y = 0 .178837  X r e g r e s s i o n  e q u a t io n  f o r  T i  f u r n a c e
A bsorbance  
from  U ncoated  
F u rn a c e
C o n c e n t r a t i o n  
from  U ncoated  
F u rn a c e  (ppm)
C o n c e n t r a t i o n  
d e te rm in e d  
from  C a rb id e  
F u rn a c e  (ppm)
Enhancement
1 .4 6  x 10 -2
2 .8 7  x 10 





8 .1 8  x  10 -2
1 .6 1  x 10- 1





















1 .4 9  ppm
5 .1
7 .3







F u rn a c e
0 .0 0 5  ppm
2 .7
1 .7  
2 . 2
1
0 .0 1 0  ppm
2 .7
1 .7  
2 . 2
1






T a b le  3-11  
R e p r o d u c i b i l i t y  o f  C a rb id e  C o a t in g s
Enhancement Enhancement Enhancement
a b c d
T i  F u rn a c e Mo F u rn a c e W F u rn a c e
1 2 .5 2 .7 1* 2 .1 1 1 .6
2 2 .1 2 .3 2* 1 .5 2 1 .8
3 2 .2 2 .3 3 1 .2 3 1 .5
4 2 .3 2 .5 4 1 .3 4* 2 .7
5 2 .1 2 .3
6* 2 .6 -
ANOVA RESULTS
F V alue 2 .1 6 8 .1 5 47 .33
L e a s t  S i g n i f i c a n t  D i f f e r e n c e  (LSD) T e s t
Mo
A bsorbance Mean .120 .123 .141 1 .72
(F u rn a c e  #) 3 4 2 1
W
A bsorbance .118 .139 .152 .235
(F u rn a c e  #) 3 1 2 4
* d e n o te s  f u r n a c e c o a te d i n  a  d i f f e r e n t  b a t c h
a) U n d e r l in e d  v a l u e s  i n d i c a t e  95% c o n f id e n c e  l e v e l  s i g n i f i c a n c e .  
C r i t i c a l  F v a lu e s  f o r  95% c o n f id e n c e  l e v e l  i s  F q ,-(4 ,15 ) -  3 .0 6  
and F9 5 ( 3 ,8 )  -  4 .0 7 .
b) V a lu es  u n d e r l i n e d  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  95% 
c o n f id e n c e  l e v e l .
/
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w i t h i n  and b e tw ee n  b a t c h e s .  F o r  th e  MoC (colum n c) an  WC (colum n d) 
f u r n a c e s ,  c a l c u l a t e d  F v a l u e s  (8 .1 5  a n d  4 7 .3 3 ,  r e s p e c t i v e l y ) ,  e x c e e d  
t h e  c r i t i c a l  v a l u e  (F g^  ( 3 ,8 )  = 4 .0 7 ) ,  c a u s i n g  t h e  h y p o t h e s i s  o f  no 
d i f f e r e n c e  t o  be  r e j e c t e d  a t  t h e  9 5 ?  c o n f i d e n c e  l e v e l .  To d e t e r m i n e  
w h ic h  o f  t h e  f u r n a c e s  d i f f e r ,  an  LSD t e s t  w as  p e r f o r m e d .  T h i s  t e s t  
i n d i c a t e d  t h a t  a b s o r b a n c e  m e an s  w h ic h  d i f f e r  by m o re  t h a n  0 .0 3 8  f o r  
t h e  MoC f u r n a c e s  a n d  0 .0 3 4  f o r  t h e  WC f u r n a c e s  a r e  s i g n i f i c a n t l y  
d i f f e r e n t  a t  t h e  95? c o n f id e n c e  l e v e l .  A bsorbance means w hich  do n o t  
d i f f e r  a r e  u n d e r l i n e d  t o g e t h e r  i n  T a b l e  3-11* T h i s  t e s t  s h o w s  t h a t  
f u r n a c e s  c o a t e d  i n  a  d i f f e r e n t  b a t c h ,  d e s i g n a t e d  by a n  a s t e r i s k  i n  
T a b l e  3 —11* h a v e  d i f f e r e n t  r e s p o n s e s .  T h i s  i n d i c a t e s  c o a t i n g  
p ro c e d u re s  f o r  MoC and WC f u r n a c e s  a r e  n o t  a s  r e p r o d u c i b l e  a s  t h e  TiC 
p r o c e d u r e .  A l s o ,  t h e  r e s u l t s  f o r  MoC f u r n a c e s  i n d i c a t e  t h a t  
r e p r o d u c i b i l i t y  o f  t h e  c o a t i n g  may be  p o o r  e v e n  w i t h i n  a b a t c h ,  a s  
d e m o n s t r a te d  by MoC f u r n a c e s  1 and 2.
T h e s e  r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  t h e  c o n c l u s i o n s  d ra w n  i n  
C h a p te r  2 from  th e  i n c o n s i s t e n c i e s  i n  th e  w e ig h t  d a t a  f o r  th e  v a r io u s  
c o a t i n g s .
The r e p r o d u c i b i l i t y  o f  th e  c o a t i n g s  com pares  f a v o r a b l y  w i th  th o s e  
r e p o r t e d  by R u n n e l s  e t .  a l .  (3 6 ) .  T hey  r e p o r t  e n h a n c e m e n t s  f o r  Be 
d e t e r m i n a t i o n s  w i t h  4 La c o a t e d  f u r n a c e s  t o  r a n g e  f ro m  3*6 t o  8 .8  and  
f o r  3 Z r c o a te d  f u r n a c e s ,  2.8 t o  12.8. C le a r ly ,  th e  r e p r o d u c i b i l i t y  o f  
th e  c o a t i n g s  a p p l i e d  v i a  im p r e g n a t io n  o f  m e ta l  c h l o r i d e s  i s  s u p e r i o r .
I n s t r u m e n t a t i o n  L abo ra to ry .  C£ F. £55.
I n  c o n t r a s t  t o  t h e  HGA 7 4 / J a r r e l l - A s h  s y s t e m ,  t h e  IL  6 5 5 / I L  951
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sy s tem  I s  d e s ig n e d  f o r  f u r n a c e  a s  w e l l  a s  f la m e  work. C o n se q u e n t ly ,  no 
p r o b l e m s  w e r e  e n c o u n t e r e d  w i t h  f u r n a c e  e m i s s i o n  s i n c e  t h e  IL  951 
s p e c t r o p h o to m e te r  i s  eq u ip p e d  w i t h  s l i t  h e i g h t  r e d u c e r s .  The r e s p o n s e  
t i m e  o f  t h e  d e t e c t i o n / a m p l i f i e r  s y s t e m  w as  a d e q u a t e  f o r  r o u t i n e  
a b s o rb a n c e  m easurem en ts .
An a d d i t i o n a l  a d v a n ta g e  t o  t h i s  sy s tem  was th e  FASTAC u n i t  w hich  
d e p o s i t s  s am p le  o n to  t h e  f u r n a c e  a s  an  a e r o s o l .  D e p o s i t i o n  t im e  can  be 
v a r i e d  f ro m  0 t o  999 s e c o n d s .  W i th  t h i s  s a m p l e  i n t r o d u c t i o n ,  b e t t e r  
p r e c i s i o n  i s  o b ta in e d  th a n  w i th  manual i n j e c t i o n .
U se o f  t h e  FASTAC s y s t e m  i s  n o t  w i t h o u t  d r a w b a c k s ,  h o w e v e r .  
F i r s t ,  i t  i s  n o t  p o s s i b l e  t o  d e te r m in e  th e  e x a c t  am ount o f  sam p le  w hich  
i s  d e p o s i t e d  o n t o  t h e  f u r n a c e .  S e c o n d ,  t h e  FASTAC s y s t e m  i s  
i n e f f i c i e n t  and r e q u i r e s  l a r g e  am oun ts  o f  sam p le ;  a  25 second  sam ple  
d e p o s i t i o n  r e q u i r e s  a  few  m i l l i l i t e r s .  The e c o n o m ic a l  u se  o f  sam p le  
a s s o c i a t e d  w i t h  f u r n a c e  AA, a s  d i s c u s s e d  i n  C h a p t e r  1, i s  n o t  f o u n d  
w i th  t h e  FASTAC sy s tem .
The o n l y  r e s t r i c t i o n s  p l a c e d  on  t h e  e l e m e n t s  w h ic h  c o u l d  be  
s t u d i e d  was th e  a v a i l a b i l i t y  o f  s u i t a b l e  h o l lo w  c a th o d e  lam ps  and w a te r  
f r e e  o f  t r a c e  m e ta l  i m p u r i t i e s .
N o n - C a r b id e  F o r m in g  E l e m e n t s . S i n c e  t h e  r e s p o n s e  t i m e  o f  t h e  
d e t e c t i o n  sy s tem  was s u f f i c i e n t l y  f a s t ,  i t  was p o s s i b l e  t o  s tu d y  th e  
v o l a t i l e  e l e m e n t s  Cu and Pb. A r e l a t i v e l y  i n v o l a t i l e  e l e m e n t ,  Al, was 
a l s o  s t u d i e d .
T a b l e  3 -1 2  c o n t a i n s  p r e c i s i o n  d a t a ,  a s  t h e  RSD, f o r  Cu, Pb and  Al 
d e t e r m i n a t i o n s  w i th  TiC c o a te d  and u n c o a te d  fu r n a c e s .  T h is  i s  t y p i c a l
/
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T ab le  3-12
P r e c i s i o n  f o r  Three  R e p l i c a t e  A bsorbance M easurem ents
S td C o n c e n t r a t i o n (ppb)
M eta l 2 5 10 15
RSD, $
Cu (1) 10.4$ 6 .9 $ 4 .1$ 1.7$
Cu (2 ) 4 .2 1.9 7 .7 0 .8 7
Pb (1) 15.0 2 .8 .67 .60
Pb (2 ) 12.1 3.9 2 .9 1 .3
S td C o n c e n t r a t i o n (ppb)
10 20 30 40
RSD, $
Al (1 ) 5 .9 3-9 0 .86 1.1
Al (2 ) 4 .3 9 .5 5 .9 12 .8
RSD's f o r  Al c a l c u l a t e d  u s in g  5 r e p l i c a t e  a b s o rb a n c e  m e asu rem en ts .  For 
a l l  m e ta l ,  s am p le  d e p o s i t i o n  t im e  was 25 s e c  (-40  p i ) .  ( 1) d e s i g n a t e s  
TiC f u r n a c e s ,  (2) d e s i g n a t e s  u n c o a te d  fu rn a c e .
i
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p r e c i s i o n  d a t a  o b ta in e d  u s i n g  t h e  FASTAC sy s tem .
To d e s c r i b e  t h e  a b s o r b a n c e  d a t a  o b t a i n e d  w i t h  t h e  v a r i o u s  
f u r n a c e s ,  b o t h  q u a d r a t i c  a n d  l i n e a r  c a l i b r a t i o n  f u n c t i o n s  p a s s i n g  
th ro u g h  th e  o r i g i n  w ere  r e q u i r e d .  F ig u r e  3-20 shows th e  e x p e r i m e n t a l  
a b s o rb a n c e s  and th e  f i t t e d  r e g r e s s i o n  l i n e  f o r  a  Pb d e t e r m i n a t i o n  w i th  
a  TiC c o a te d  f u r n a c e .
The r e s u l t s  o f  t h e  e n h a n c e m e n t  s t u d i e s  i n d i c a t e d  i n c r e a s e d  
s e n s i t i v i t y  o f  t h e  TiC c o a t e d  f u r n a c e s  f o r  Al an d  Pb r e l a t i v e  t o  t h e  
u n c o a te d  f u r n a c e ,  b u t  d e c r e a s e d  s e n s i t i v i t y  f o r  Cu. F ig u r e s  3-21 and 
3 - 2 2  show  c a l i b r a t i o n  c u r v e s  f o r  Pb and  Cu, r e s p e c t i v e l y ,  g e n e r a t e d  
u s in g  a  TiC f u r n a c e  and an  u n c o a te d  f u r n a c e .
I n  a d d i t i o n  t o  b e i n g  c o m p a re d  w i t h  a n  u n c o a t e d  f u r n a c e ,  t h e  
s e n s i t i v i t y  o f  t h e  TiC c o a t e d  f u r n a c e  f o r  Al w as  a l s o  c o m p a re d  t o  a 
p y r o l y t i c a l l y  c o a te d  f u r n a c e .  A b s o r b a n c e  m e a s u r e m e n t s  w e r e  m ade i n  
b o th  p e a k  h e i g h t  an d  p e a k  a r e a  m o d es .  F i g u r e s  3 - 2 3  a n d  3 -2 ^  show  
c a l i b r a t i o n  c u r v e s  g e n e r a t e d  f o r  Al i n  t h e  p e a k  h e i g h t  a n d  p e a k  a r e a  
m o d e s ,  r e s p e c t i v e l y .  P e a k  a r e a  m e a s u r e m e n t s  f o r  Al w i t h  t h e  
p y r o l y t i c a l l y  c o a t e d  f u r n a c e  e x h i b i t e d  p o o r  p r e c i s i o n ,  p r e v e n t i n g  
c o m p a r i s o n .  H o w e v e r ,  i n  b o t h  m e a s u r e m e n t  m o d e s ,  t h e  TiC f u r n a c e  i s  
m ore  s e n s i t i v e  t h a n  t h e  u n c o a t e d  f u r n a c e .  The TiC f u r n a c e  c o m p a r e s  
f a v o r a b l y  w i t h  t h e  p y r o l y t i c a l l y  c o a te d  f u r n c e  i n  t h e  peak  h e i g h t  mode.
U s i n g  t h e  r e g r e s s i o n  d a t a ,  t h e  s e n s i t i v i t y  and  d e t e c t i o n  l i m i t s  
f o r  t h e s e  p a r t i c u l a r  a n a l y s e s  w e r e  c a l c u l a t e d  ( T a b l e  3 - 1 3 ) .  The 
c a l c u l a t e d  s e n s i t i v i t i e s  a r e  o n l y  s l i g h t l y  h i g h e r  t h a n  t h e  
















F ig u r e  3 -2 0 .  Peak  h e i g h t  c a l i b r a t i o n  c u rv e  f o r  Pb showing th e  p r e c i s i o n  
o f  3 s u c c e s s i v e  a t o m i z a t i o n s  o f  25 second  d e p o s i t i o n s  o f  
sam p le  i n  t h e  IL 655 w i th  a  TiC c o a te d  f u r n a c e  u s in g  















F ig u r e  3 -2 1 .  C om parison o f  Pb p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  g e n e r a t e d  
w i th  t h e  IL 655 w i th  an  u n c o a te d  (U) and  TiC c o a te d  
f u r n a c e  (T i )  u s in g  s t a n d a r d  IL c o n d i t i o n s  f o r  Pb w i th  25 













0J0 5.0 IOjO 150)
Cu CONCENTRATION, ppb
F ig u r e  3 -2 2 .  Com parison o f  Cu p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  g e n e r a te d  
w i th  t h e  IL 655 w i th  an  u n c o a te d  (U) and TiC c o a te d  f u r ­
n ace  (T i)  u s in g  s t a n d a r d  IL c o n d i t i o n s  f o r  Cu w i t h  25 















F ig u r e  3 -2 3 .  Com parison o f  A l peak  h e i g h t  c a l i b r a t i o n  c u rv e s  g e n e r a te d  
w i t h  t h e  IL  655 w i th  an  u n c o a te d  (U ), a  TiC c o a te d  (T i)  
and  a  p y r o l y t i c a l l y  c o a te d  f u r n a c e  (P) u s in g  s t a n d a r d  IL 
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Al CONCENTRATION, ppb
F ig u r e  3 -2 4 .  Com parison o f  Al peak  a r e a  c a l i b r a t i o n  c u rv e s  g e n e r a te d  
w i th  t h e  IL 655 w i th  an  u n c o a te d  (U) and a  TiC c o a te d  
f u r n a c e  (T i )  u s in g  s t a n d a r d  IL c o n d i t i o n  f o r  Al w i th  
25 seco n d  sam ple  d e p o s i t i o n s .
/
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T a b le  3-13
S e n s i t i v i t y  and D e t e c t i o n  L im i t s  f o r  Pb , Al and Cu
F u rn a c e S e n s i t i v i t y
Pb
D e te c t io n  
L im i t  (g)
M a n u fa c tu re r





1 .8 4  x 10 -11
1 .59  x 10 -11 4 x 10 -12
TiC
U ncoated
3 .05  x 10
1 .8 0  x 10
Cu
4 .5 5  x 10-11
5 .2 2  x 10-11 4 x 10 -12
TiC
U ncoated  
Pyro
7 .08
1 .13  x 10
1 .47  x 10
Al (p e a k  h e ig h t )
, - H4 .5 0  x 10
1 .57  x 10 -1 0
2 .2 5  x 10 -10






Al p eak  ( a r e a )  
,-1 08 .3 0  x 10
1 .3 0  x 10-10
S e n s i t i v i t y  i s  d e f in e d  a s  th e  number o f  p ico g ram s o f  a n a l y t e  r e q u i r e d  
t o  g iv e  a 1% a b s o rb a n c e  (0 .0 0 4 4  a b s ) .
The d e t e c t i o n  l i m i t ,  d e te rm in e d  w i th  th e  LNREG program  ( 66) ,  i s  
c a l c u l a t e d  from th e  e q u a t io n :
D.L. ( T - s t a t i s t i c ) ( S t d .  Dev, o f  y ab o u t r e g r e s s i o n  l i n e ) 
s l o p e  o f  r e g r e s s i o n  l i n e
/'
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f u r n a c e s )  and an  im p ro v em en t i n  th e  s e n s i t i v i t y  o f  t h e  TiC f u r n a c e  f o r  
Pb and Al i s  fo u n d .
U s in g  t h e  sa m e  p r o c e d u r e  a s  d e s c r i b e d  i n  T a b l e  3 - 1 0 ,  t h e  
e n h a n c e m e n t  f a c t o r s  f o r  TiC f u r n a c e s  w e r e  c a l c u l a t e d  u s i n g  t h e  
r e g r e s s i o n  e q u a t i o n s  ( T a b l e  3 -1  4 ) .  The o b s e r v e d  e n h a n c e m e n t s  f o r  Pb 
a n d  Al a r e  i n  a g r e e m e n t  w i t h  t h e  d a t a  r e p o r t e d  by R u n n e l s  e t .  a l .  f o r  
Al (3 6 )  a n d  by V i c k r e y  e t .  a l .  f o r  Pb (7*0. H o w e v e r ,  t h e  r e s u l t s  
o b ta in e d  by N o rv a l  e t .  a l .  (32) w i th  a  Ta c o a te d  f u r n a c e  i n d i c a t e d  a  2 -  
3 f o l d  i n c r e a s e  i n  s e n s i t i v i t y  f o r  Cu o v e r  a n  u n c o a t e d  f u r n a c e .  I n  
c o n t r a s t ,  t h e r e  a r e  r e p o r t s  o f  t h e  a b s e n c e  o f  i m p r o v e m e n t s  i n  
s e n s i t i v i t y  w hen  som e c a r b i d e  c o a t i n g s  a r e  u s e d  f o r  c e r t a i n  m e t a l s  
( 4 5 ) .
I n  a d d i t i o n  t o  t h e  t h r e e  e l e m e n t s  d i s c u s s e d  h e r e ,  o t h e r  n o n ­
c a r b i d e  fo rm in g  m e t a l s  w ere  s tu d i e d .  However, s u f f i c i e n t  d a t a  was n o t  
o b t a i n e d  t o  m ake a n y  m e a n i n g f u l  e n h an c em en t  c a l c u l a t i o n s .  U sing  th e  
d a t a  c o l l e c t e d  i n  p r e l i m i n a r y  s t u d i e s ,  t h e  f o l l o w i n g  t e n t a t i v e  
c o n c l u s i o n s  w e r e  o b t a i n e d :  1) TiC c o a t e d  f u r n a c e s  d e m o n s t r a t e d
i n c r e a s e d  s e n s i t i v i t i e s  o v e r  u n c o a te d  f u r n a c e s  f o r  As and  Sb and o v e r  
p y r o l y t i c a l l y  c o a t e d  f u r n a c e s  f o r  As a n d  Sn , an d  2) p y r o l y t i c a l l y  
c o a t e d  f u r n a c e s  h a d  b e t t e r  s e n s i t i v i t y  f o r  S r  an d  Sb t h a n  t h e  TiC 
fu rn a c e .  S in c e  t h e  d a t a  c o n c e rn in g  th e s e  e l e m e n t s  was l i m i t e d ,  more 
s t u d i e s  a r e  needed  to  c o n f i rm  t h e s e  o b s e r v a t i o n s  and t o  p e r m i t  en h an c e ­
ment c a l c u l a t i o n .
C a rb id e  Form ing  E le m e n ts . Of th e  f i v e  c a r b i d e  fo rm in g  e l e m e n t s  
(Ba, Be, C r,  S i  an d  V) s t u d i e d  w i t h  t h e  IL  s y s t e m  o n l y  Ba an d  Be 
d e m o n s t r a t e d  a n y  s i g n a l  e n h a n c e m e n t  w hen a t o m i z e d  f ro m  t h e  c a r b i d e
/
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T a b le  3-14 
Enhancement F a c t o r s  f o r  TiC F u rn a c e s
Cu Pb
Cone (ppb) Enhancement Cone (ppb) Enhancement
2 .45  2 1.6
5 .63  5 1 .6
10 .75  10 1 .4
15 .77  15 1 .4
Al (peak  h e i g h t )  Al (p eak  a r e a )
Cone (ppb) Enhancement Enhancement
( 1 ) ( 2 ) ( 1 )
10 1 .7  1 .8  1 .1
20 1 . 8  1 . 7  1 . 2
30 1 .6  1 .3
40 1 .4  1 .3
( 1) r e l a t i v e  t o  u n c o a te d
( 2 ) r e l a t i v e  t o  p y r o l y t i c a l l y  c o a te d
/
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c o a t e d  f u r n a c e .  As w i t h  t h e  HGA 7 4 / J a r r e l l - A s h  s y s t e m ,  Be g a v e  t h e  
b e s t  r e s u l t s  o f  a l l  t h e  e l e m e n t s  s t u d i e d ,  b o th  c a r b i d e  and n o n - c a r b i d e  
fo rm in g ,  i n  te rm s  o f  s e n s i t i v i t y  and p r e c i s i o n .
T ab le  3-15 c o n t a i n s  p r e c i s i o n  d a t a ,  m easu red  a s  t h e  RSD, from  a  Be 
d e t e r m i n a t i o n  u s i n g  a  TiC c o a t e d ,  a n  u n c o a t e d  a n d  a  p y r o l y t i c a l l y  
c o a te d  fu rn a c e .  T h is  d a t a  i s  t y p i c a l  i n  t h a t  t h e  p y r o l y t i c a l l y  c o a te d  
f u r n a c e  u s u a l l y  e x h i b i t e d  p o o r e r  p r e c i s i o n  t h a n  e i t h e r  o f  t h e  o t h e r  
f u r n a c e s .
The e x p e r i m e n t a l  Be a b s o r b a n c e s  c o u l d  be f i t  t o  l i n e a r  o r  
q u a d r a t i c  c a l i b r a t i o n  f u n c t i o n s  p a s s in g  th ro u g h  t h e  o r i g i n .  The f i t  o f  
a  c a l i b r a t i o n  c u r v e  g e n e r a t e d  w i t h  a  TiC c o a t e d  f u r n a c e  i s  sh o w n  i n  
F ig . 3 -25 . C a l i b r a t i o n  c u r v e s  g e n e r a te d  w i th  t h e  TiC c o a te d ,  u n c o a te d  
and  p y r o l y t i c a l l y  c o a t e d  f u r n a c e s  a r e  p r e s e n t e d  i n  F ig .  3 - 2 6 .  The 
d i f f e r e n c e  i n  t h e  r e s p o n s e  o f  t h e  TiC c o a te d  and u n c o a te d  f u r n a c e s  f o r  
Be i s  a p p a re n t .
The i n c r e a s e  i n  Be r e s p o n s e  w i th  a  TiC f u r n a c e  was a l s o  o b s e rv e d  
w hen p e a k  a r e a  w as  m e a s u r e d .  F ig .  3 -2 7  s h o w s  c a l i b r a t i o n  c u r v e s  
g e n e r a t e d  i n  t h e  p e a k  a r e a  mode. T h e s e  c u r v e s  w e r e  g e n e r a t e d  a t  t h e  
sam e  t i m e  a s  t h e  c u r v e s  i n  F i g .  3 -2 6 .  The TiC c o a t e d  f u r n a c e  g i v e s  a 
s u p e r i o r  r e s p o n s e  c o m p a re d  t o  b o t h  o f  t h e  o t h e r  f u r n a c e s .  T h e s e  
r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h o s e  o f  L a g a s  ( 3 9 ) ,  who fo u n d  t h a t  La 
c o a t e d  f u r n a c e s  g a v e  s u p e r i o r  r e s p o n s e  f o r  Be w hen c o m p a re d  w i t h  
p y r o l y t i c a l l y  c o a te d  f u r n a c e s .
A t te m p ts  t o  d e t e r m in e  Cr s i g n a l  en h an c em en ts  f o r  t h e  TiC c o a te d  
fu r n a c e  f a i l e d  due t o  t h e  p r e s e n c e  o f  s i g n i f i c a n t  am oun ts  o f  Cr i n  t h e
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T a b le  3-15
P r e c i s i o n  f o r  3 R e p l i c a t e  A bsorbance M easurem ents
Peak H e ig h t  c o n c e n t r a t i o n ,  ppb
F u rn ace 5 10 15 20
T 2 . 2$ 0 . 81$ 1. 6$ 2 . 8$
U 1 .2 1 .5 7 .6 1.6
P
Peak Area 
F u rn ace
3 .0 6 .2 4 .9 3 .9
T 2 . 0$ 1. 0$ 1.9$ 2 . 2$
U 3-0 1 .5 4 .3 2 .3
P 7 .7 4 .6 3 .8 3 .0
T -  TiC F u rn ace
U -  D ncoated  F u rnace













0.0 5.0 10.0 15.0 20.0
Be CONCENTRATION, ppb
F ig u r e  3 -2 5 .  Peak  h e i g h t  c a l i b r a t i o n  c u rv e  f o r  Be showing th e  p r e c i s i o n  
o f  3 s u c c e s s i v e  a to m iz a t io n s  o f  25 second  sam ple  d e p o s i ­














F ig u r e  3 -2 6 .  Com parison o f  Be p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  g e n e r a t e d  
w i th  t h e  IL 655 w i th  a n  u n c o a te d  (U ) , TiC c o a te d  (TiC) 
and  a  p y r o l y t i c a l l y  c o a te d  f u r n a c e  (P) u s in g  s t a n d a r d  IL 















B e  Concentration, ppb
F ig u r e  3 - 2 7 .  Comparison o f  Be p eak  a r e a  c a l i b r a t i o n  c u rv e s  g e n e r a te d  
w i th  t h e  IL 655 w i th  an  u n c o a te d  (U ), TiC c o a te d  (TiC) 
and a  p y r o l y t i c a l l y  c o a t e d  f u r n a c e  (P) u s in g  s t a n d a r d  
IL c o n d i t i o n s  f o r  Be w i th  25 s e c  sam ple  d e p o s i t i o n s .
/
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T iC l^  u sed  t o  im p re g n a te  t h e  f u r n a c e .  The Cr i m p u r i t y  was r e d u c e d  b u t  
n o t  e l i m i n a t e d  by d i s t i l l i n g  t h e  T iC l^  u n d e r  n i t r o g e n .  S u b seq u en t  work 
a l s o  i n d i c a t e d  t h e  p r e s e n c e  o f  Fe and S i  i n  t h e  T iC l^ .
S in c e  Cr c o u ld  n o t  be c o m p le te ly  rem oved from  th e  TiCljj , Cr s i g n a l  
e n h a n c e m e n t s  w e r e  d e t e r m i n e d  w i t h  a  WC c o a t e d  f u r n a c e .  F ig .  3 -2 8  
c o n t a i n s  c a l i b r a t i o n  c u r v e s  g e n e r a t e d  w i t h  t h e  WC a n d  u n c o a t e d  
f u r n a c e s .  C l e a r l y ,  no e n h a n c e m e n t  i s  o b s e r v e d .  H o w e v e r ,  t h e  WC 
f u r n a c e  w as  c o n s i d e r a b l y  o l d e r  t h a n  t h e  u n c o a t e d  f u r n a c e .  A f r e s h l y  
p r e p a r e d  c o a t i n g  may e x h i b i t  a  more f a v o r a b l e  r e s p o n s e  t o  Cr.
A pprox im ate  s e n s i t i v i t i e s  and d e t e c t i o n  l i m i t s ,  c a l c u l a t e d  w i t h  
th e  LNREG program  (66), f o r  t h e  v a r i o u s  f u r n a c e s  a r e  shown i n  T a b le  3 -  
16. The c a l c u l a t e d  q u a n t i t i e s  i n d i c a t e  i n c r e a s e d  s e n s i t i v i t y  f o r  Be 
w i t h  t h e  TiC c o a t e d  f u r n c e ,  th o u g h  no i m p r o v e m e n t  i n  t h e  d e t e c t i o n  
l i m i t .  The a v a i l a b l e  d a t a  f o r  Cr d id  n o t  p e r m i t  t h e  c a l c u l a t i o n  o f  t h e  
s e n s i t i v i t y  o f  t h e  u n c o a te d  f u r n a c e ,  though  th e  s e n s i t i v i t y  o f  t h e  WC 
c o a te d  f u r n a c e  i s  c o m p a ra b le  t o  t h e  m a n u f a c tu r e r ' s  s e n s i t i v i t y .
S i g n a l  e n h a n c e m e n t s ,  c a l c u l a t e d  f ro m  t h e  r e g r e s s i o n  d a t a ,  a r e  
show n  i n  T a b l e  3 - 1 7 .  Be e n h a n c e m e n t  d a t a  a r e  p r e s e n t e d  f o r  tw o  TiC 
f u r n a c e s ,  c o a te d  a t  d i f f e r e n t  t im e s .  T h is  d a t a  s u p p o r t s  t h e  c o n c lu s io n  
made p r e v i o u s l y  t h a t  t h e  TiC c o a t i n g s  can  be a p p l i e d  r e p r o d u c i b l y  from  
b a tc h  t o  b a tc h .
The d e t e r m i n a t i o n  o f  r e f r a c t o r y  c a r b i d e  fo rm in g  e l e m e n t s  (Ba, S i ,  
V) was d i f f i c u l t ,  r e g a r d l e s s  o f  t h e  ty p e  o f  f u r n a c e  used . I n  g e n e r a l ,  
th e  f u r n a c e s  e x h i b i t e d  much p o o r e r  s e n s i t i v i t y  and p r e c i s i o n  f o r  t h e s e  









0 2 - i
0 0
0.0 5.0 10.0 15.0
Cr CONCENTRATION, ppb
F ig u r e  3 -2 8 .  Comparison o f  Cr p eak  h e i g h t  c a l i b r a t i o n  c u rv e s  g e n e r a te d  
w i th  t h e  IL 655 w i th  a n  u n c o a te d  (U) and a  TIC c o a te d  
f u r n a c e  u s in g  s t a n d a r d  IL  c o n d i t i o n s  f o r  Cr and 25 
seco n d  sam p le  d e p o s i t i o n s .
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T ab le  3-16
Sensitivity and Detection Limits for Be and Cr
Be
Peak H e ig h t
Peak Area 
F u rnace
D e t e c t i o n M a n u f a c t u r e r 3
Fu rn ace
S e n s i t i v t y L i m i t , grams S e n s i t i v i t y
Ti 2 . 9 2 2 .90  x 1 0"11
U 4 . 9 2 2 .80  x 10“ 11 1 x 1 0"12 g
P 7 . 6 8 2 .0 0  x 10"10
Ti 2 . 2 0 3 .10 X 10"11
U 3 .0 0 3 .47 X 10"11
P 2 . 4 4  x 101 1.90 X 10“ 10
Cr
F u rn ace
W
0
1.63  x 101 6 .2 0  x 1 0"10 
1.77 x 10“ 12
S e n s i t i v i t y  i s  d e f i n e d  a s  t h e  number o f  p ic o g ra m s  o f  a n a l y t e  r e q u i r e d  t o  
g i v e  a 1/6 a b s o r b a n c e  (0 .0 0 4 4  a b s ) .
The  d e t e c t i o n  l i m i t ,  d e t e r m i n e d  w i t h  t h e  LNREG p r o g r a m  ( 6 6 ) ,  i s  
c a l c u l a t e d  from t h e  e q u a t i o n :
D.L. _ ( T - s t a t i s t i c ) ( S t d .  Dev. o f  y a b o u t  r e g r e s s i o n  l i n e )  




S i g n a l  Enhancements  f o r  Be w i t h  TiC F u rn a c e s  
and Cr w i t h  WC F urnace
Be
Peak H e ig h t
Cone (ppb) Enhancement
a c
5 1 .6  2 . 0  2 .7
10 1 .5  1 .6  1.6
15 1 .5  1 .4  1.1




5 1 .4  6 .0
10 1 .4  4 . 3
15 1 .3  3 .0
20 1 .4  2 .7







a -  r e l a t i v e  t o  an  u n c o a t e d  f u r n a c e  
b -  r e l a t i v e  t o  a p y r o l y t i c a l l y  c o a t e d  f u r n a c e
/
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e l e m e n t s .
The TIC c o a t e d  f u r n a c e  d i d  e x h i b i t  s i g n a l  enhancem en t  i n  bo th  t h e  
p e a k  h e i g h t  a n d  p e a k  a r e a  m e a s u r e m e n t  mode f o r  Ba r e l a t i v e  t o  t h e  
u n c o a t e d  f u r n a c e ,  a s  s h o w n  i n  T a b l e  3 - 1 8 .  H o w e v e r ,  t h e  TiC c o a t e d  
f u r n a c e  was o u t p e r f o r m e d  by t h e  p y r o l y t i c a l l y  c o a t e d  f u r n a c e .  The d a t a  
i n  t h i s  t a b l e  s u p p o r t  t h e  c o n c l u s i o n s  made by v a r i o u s  w o r k e r s  t h a t  f o r  
t h e  m o re  r e f r a c t o r y  e l e m e n t s ,  t h e  p e a k  a r e a  m e a s u r e m e n t  mode i s  
s u p e r i o r  t o  t h e  peak  h e i g h t  mode.
D a t a  f o r  V d e t e r m i n a t i o n s  a r e  a l s o  p r e s e n t e d  i n  T a b l e  3 - 1 8 .  
Vanadium c o u ld  n o t  be d e t e c t e d  w i t h  t h e  TiC f u r n a c e .  Even though  t h e  
p y r o l y t i c a l l y  c o a t e d  f u r n a c e  w a s  m o re  s e n s i t i v e  t h a n  e i t h e r  t h e  TiC 
f u r n a c e  o r  t h e  u n c o a t e d  f u r n a c e ,  c o n s i d e r a b l y  d i f f e r e n t  r e s p o n s e s  were  
o b t a i n e d  w i t h  t h e  t h r e e  p y r o l y t i c a l l y  c o a t e d  f u r n a c e s  u s e d .  O t h e r  
w o r k e r s  h a v e  a l s o  o b s e r v e d  s i g n i f i c a n t l y  d i f f e r e n t  r e s p o n s e s  f o r  a 
p a r t i c u l a r  e l e m e n t  when u s i n g  p y r o l y t i c a l l y  c o a t e d  f u r n a c e s  ( 2 3 ) .
As was t h e  c a s e  w i t h  Cr,  t h e  d e t e r m i n a t i o n  o f  S i  i n  t h e  TiC c o a t e d  
f u r n a c e  was i m p o s s i b l e  due t o  a l a r g e  f u r n a c e  b la n k  s i g n a l .  Repea ted  
a t o m i z a t i o n  c y c l e s  w i t h o u t  i n j e c t i o n  o f  a n y  s a m p l e  r e s u l t e d  i n  a 
d e c r e a s e  i n  t h e  S i  b l a n k ,  b u t  n o t  e n o u g h  t o  p e r m i t  a n a l y s i s .  I t  w as  
n o t  p o s s i b l e  t o  d e t e c t  S i  w i t h  e i t h e r  a n  u n c o a t e d  o r  p y r o l y t i c a l l y  
f u r n a c e  even th ough  r e l a t i v e l y  l a r g e  am oun ts  o f  S i  w ere  a t o m iz e d  (50 
m i c r o l i t e r s  o f  a  1 ppm s o l u t i o n ) .
The e x p e r i m e n t s  f o r  e a c h  o f  t h e s e  m e t a l s  w e r e  r e p e a t e d  w i t h  a 
m o d i f i c a t i o n  o f  t h e  a t o m i z a t i o n  p r o c e d u r e .  The f u r n a c e  w as  s e t  t o  
a t o m i z e  a t  i t ' s  maximum t e m p e r a t u r e  ( - 2 9 0 0  °C) b u t  t h i s  p r o d u c e d  no
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Table 3-18
Absorbance  D ata  For  C a r b i d e  Forming E lem en ts
Pyro  U ncoated  T ic
Ba
Area Ht Area Ht Area Ht
mean 0 . 1 7 7  0 . 0 7 0 0 . 0 1 5 0 . 0 0 5 0 .1 2 1 0 . 0 3 2
SD 0 . 0 2 7  0 . 0 2 2 0 . 0 0 3 0 .0 0 1 0 .0 1 1 0 . 0 0 2
RSD 15 .1 8  3 0 . 8 7 2 1 . 9 6 2 0 . 0 0 9 . 3 4 6 . 5 4
R e p l i c a t e s 10 10 3 3 10 10
V P y r o ( 1 ) P y r o ( 2 ) P y r o ( 3 ) U Ti
mean 0 . 1 0 8 0 . 5 6 2 0 . 3 6 8 0 . 0 3 4 -
SD 0 . 0 0 4 0 . 0 5 4 0 .0 5 9 0 . 0 0 8 -
RSD 3 . 7 0 1 0 .0 9 1 6 . 0 3 2 3 . 0 3 -
R e p l i c a t e s 3 ' 3 3 3
Ba 30 s e c  d e p o s i t i o n  o f  100 ppb Ba
V 25 p i  sample o f  600 ppb V
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im provem en t  f o r  S i  o r  V, w h i l e  d e c r e a s i n g  t h e  a l r e a d y  low s e n s i t i v i t y  
o f  Ba. T h i s  i s  n o t  s u r p r i s i n g  s i n c e  i n  o r d e r  t o  f i r e  t h e  f u r n a c e  a t  
- 2 9 0 0  °C i t  i s  n e c e s s a r y  t o  r e m o v e  t h e  t e m p e r a t u r e  s e n s o r  a n d  r u n  i n  
t h e  n o n - f e e d b a c k  mode.  I n  t h i s  mode ,  t h e  r a t e  o f  h e a t i n g  o f  t h e  
f u r n a c e  i s  g r e a t l y  d e c r e a s e d ,  r e s u l t i n g  i n  d e c r e a s e d  s e n s i t i v i t y .
I n  a  f i n a l  a t t e m p t  t o  d e t e r m i n e  t h e s e  e l e m e n t s ,  a  p y r o l y t i c a l l y  
c o a t e d  f u r n a c e  was c o a t e d  w i t h  TiC. Lagas  (39) h a s  r e p o r t e d  i n c r e a s e d  
s e n s i t i v i t i e s  w i t h  c a r b i d e  c o a t e d  p y r o l y t i c  f u r n a c e s  f o r  Ba, Be and V.
The e f f e c t  o f  a p p l y i n g  t h e  c a r b i d e  c o a t i n g  t o  t h e  p y r o l y t i c  
f u r n a c e s  was t h e  l o s s  o f  a  l a r g e  p o r t i o n  o f  t h e  p y r o l y t i c  c o a t i n g  w hich  
f l a k e d  o f f  b o th  t h e  i n t e r i o r  and e x t e r i o r  s u r f a c e s  o f  t h e  f u r n a c e .  As 
a r e s u l t ,  t h e  f u r n a c e s  c o u l d  n o t  be u sed  s i n c e ,  i n  t h i s  c o n d i t i o n ,  t h e y  
c a u s e d  ’a r c i n g 1 b e t w e e n  t h e  f u r n a c e  a n d  t h e  m e t a l  e l e c t r o d e s  i n  t h e  
f u r n a c e  head.  The l o s s  o f  t h e  p y r o l y t i c  c o a t i n g  was p r o b a b l y  c au s ed  by 
t h e  e v o l u t i o n  o f  CO when t h e  f u r n a c e s  were  f i r e d  t o  form t h e  c a r b i d e .  
A p y r o l y t i c  c o a t i n g  v i r t u a l l y  s e a l s  t h e  s u r f a c e  o f  t h e  g r a p h i t e ,  
l e a v i n g  no e s c a p e  r o u t e  f o r  t h e  e v o l v e d  CO. I n  o r d e r  t o  g e t  T i C l ^  t o  
p e n e t r a t e  t h e  p y r o l y t i c  f u r n a c e ,  i t  was n e c e s s a r y  t o  s c o r e  t h e  c o a t i n g .  
D ur ing  t h e  i m p r e g n a t i o n  p ro c e d u r e ,  t h e  o n ly  b u b b le s  s e e n  l e a v i n g  t h e  
f u r n a c e  w e r e  f r o m  t h e  s p o t  w h e r e  t h e  f u r n a c e  w as  s c o r e d .  When t h e  
f u r n a c e  i s  f i r e d  a t  h i g h  t e m p e r a t u r e ,  CO i s  f o r c e d  t h r o u g h  t h e  
p y r o l y t i c  c o a t i n g ,  c a u s i n g  i t  t o  p e e l .
A b s o r p t i o n  P u l s e  C h a r a c t e r i s t i c s .  One o f  t h e  a d v a n t a g e s  o f  u s i n g  
a  p y r o l y t i c a l l y  c o a t e d  f u r n a c e  i s  t h a t  p o r o s i t y  o f  t h e  g r a p h i t e  i s  
r e d u c e d ,  w h ich  d e c r e a s e s  t h e  p e n e t r a t i o n  o f  a n a l y t e  i n t o  t h e  f u r n a c e  
w a l l .  T h i s  r e s u l t s  i n  a  d e c r e a s e d  a t o m i z a t i o n  t i m e  which  i n  t u r n
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p e r m i t s  l o w e r  r a t e s  o f  h e a t i n g  t o  be u sed .  I n  a d d i t i o n ,  t h e  amount o f  
t i m e  r e q u i r e d  f o r  c o m p l e t e  a t o m i z a t i o n ,  i . e . ,  t h e  t o t a l  d u r a t i o n  o f  t h e  
a b s o r p t i o n  p u l s e ,  i s  a l s o  r e d u c e d ,  i n c r e a s i n g  t h e  p r e c i s i o n  o f  p e a k  
a r e a  m e a su re m e n t s .  A t o m i z a t i o n  o f  Mo and V f rom p y r o l y t i c a l l y  c o a t e d  
f u r n a c e s  h a s  c o n f i r m e d  t h e s e  o b s e r v a t i o n s  (18).
D ata  o b t a i n e d  w i t h  t h e  c a r b i d e  c o a t e d  f u r n a c e s  i n d i c a t e  t h e  e f f e c t  
o f  t h e  c a r b i d e  c o a t i n g  i s  s i m i l a r  t o  t h a t  o f  p y r o l y t i c  c o a t i n g s .  
F i g u r e  3-29 shows t h e  e f f e c t  o f  v a r y i n g  a t o m i z a t i o n  t e m p e r a t u r e  on Be 
a b s o r b a n c e  s i g n a l s  f o r  TiC, MoC, WC and u n c o a t e d  f u r n a c e s  u s i n g  t h e  HGA 
7 4 / J a r r e l l - A s h  s y s tem .
One o f  t h e  d raw backs  o f  c o m m e r c i a l  a t o m i z e r  d e s i g n s ,  such  a s  t h e
HGA 74,  i s  t h e  i n a b i l i t y  t o  s e p a r a t e  t h e  r a t e  o f  h e a t i n g  o f  t h e  f u r n a c e
f r o m  t h e  a t o m i z a t i o n  t e m p e r a t u r e .  T h u s  t h e  r a t e  o f  h e a t i n g  o f  t h e  
f u r n a c e  i s  d e t e r m i n e d  by t h e  s e l e c t i o n  o f  t h e  t e m p e r a t u r e  f o r  t h e  
a t o m i z a t i o n  s t e p  (57).  C o n s e q u e n t ly ,  a  p l o t  such  a s  t h e  one i n  Fig .  3 -  
29 i s  a c t u a l l y  an  a b s o r b a n c e  v s .  r a t e  o f  h e a t i n g  p l o t .
F rom t h e  p l o t  i t  i s  s e e n  t h a t  i n  o r d e r  t o  o b t a i n  maximum
s e n s i t i v i t y  t h e  u n c o a t e d  f u r n a c e  m u s t  be  o p e r a t e d  a t  m a x im u m  
t e m p e r a t u r e  ( h e a t i n g  r a t e ) .  F o r  t h e  t h r e e  c a r b i d e  c o a t e d  f u r n a c e s ,  
maximum s e n s i t i v i t y  i s  o b t a i n e d  a t  l o w e r  t e m p e r a t u r e s  ( h e a t i n g  r a t e s ) .  
T h i s  i s  a  consequenc e  o f  s h o r t e r  a t o m i z a t i o n  t i m e s  (x.j) a s  a  r e s u l t  o f  
d e c r e a s e d  p e n e t r a t i o n  o f  a n a l y t e  (18 )  a n d  a d e c r e a s e  i n  t h e  r a t e  o f  
c a r b i d e  f o r m a t i o n  (41).
The l o w e r  s e n s i t i v i t y  e x h i b i t e d  by u n c o a t e d  f u r n a c e  i s  due  t o  
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F i g u r e  3 -29 .  E f f e c t  o f  a t o m i z a t i o n  t e m p e r a t u r e  ( h e a t i n g  r a t e )  on t h e  a b s o rb a n c e  o f  25 x  10 o f  a  0 . 0 1  ppm 
Be s o l u t i o n  i n  a n  u n c o a t e d  ( O ), TiC c o a t e d  ( □ > ,  MoC c o a t e d  (O )  and WC c o a t e d  f u r n a c e  ( A  ) 
u s i n g  s t a n d a r d  P .E .  c o n d i t i o n s  f o r  Be, w i t h  v a r y i n g  a t o m i z a t i o n  t e m p e r a t u r e s .
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n u m b e r  o f  a t o m s  p r e s e n t  i n  t h e  a n a l y t i c a l  v o l u m e  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  a t o m i z a t i o n  t im e .  Due t o  t h e  l o n g e r  a t o m i z a t i o n  
t i m e ,  more t i m e  i s  a v a i l a b l e  f o r  t h e  a t o m i c  v a p o r  t o  d i f f u s e  o u t  o f  t h e  
f u r n a c e ,  d e c r e a s i n g  t h e  peak  h e i g h t  a b s o r b a n c e  (7*0.
S in c e  c a r b i d e  c o a t e d  f u r n a c e s  y i e l d  e q u i v a l e n t  s e n s i t i v i t y  t o  un­
c o a t e d  f u r n a c e s  a t  l o w e r  r a t e s ,  i t  m e a n s  t h e y  c a n  be  u s e d  a t  l o w e r  
a t o m i z a t i o n  t e m p e r a t u r e s .  T h i s  i n  t u r n  e x t e n d s  f u r n a c e  l i f e t i m e .
The q u a l i t a t i v e  o b s e r v a t i o n s  made w i t h  t h e  HGA 7 V J a r r e l l - A s h  
s y s t e m  were  s u p p o r t e d  by q u a n t i t a t i v e  m e asu re m en ts  o f  t h e  a b s o r p t i o n  
p u l s e s  g e n e r a t e d  by t h e  IL 6 55 / IL  951 sy s tem .
Due t o  t h e  h i g h l y  t r a n s i e n t  n a t u r e  o f  t h e  Pb a b s o r b a n c e  p u l s e s ,  
q u a n t i t a t i v e  m e a s u r e m e n t s  w e r e  n o t  p o s s i b l e .  F i g u r e  3 - 3 0  s h o w s  
a b s o rb a n c e  p u l s e s  g e n e r a t e d  w i t h  a TiC c o a t e d  and an  u n c o a t e d  f u r n a c e .  
F o r  b o t h  f u r n a c e s ,  t h e  d e c a y  s i d e  o f  t h e  c u r v e  i s  c o n s t r u c t e d  o f  
e s s e n t i a l l y  s t r a i g h t  l i n e s .  S in c e  t h e  decay  i s  so r a p i d ,  m e asu re m en ts  
o f  t ^ a r e  s u b j e c t  t o  c o n s i d e r a b l e  e r r o r .
A b s o rp t io n  p u l s e s  f o r  Fe c o u ld  n o t  be e v a l u a t e d  f o r  t h e  TiC c o a t e d  
f u r n a c e  due t o  e x c e s s i v e  Fe i m p u r i t i e s  i n  t h e  T iC l^  u sed  t o  i m p r e g n a t e  
t h e  f u r n a c e .  However i t  was p o s s i b l e  t o  c h a r a c t e r i z e  t h e  a b s o r b a n c e  
p u l s e s  o f  Be, Co and Cu i n  t e r m s  o f  t h e  q u a n t i t i e s  d e s c r i b e d  i n  F i g u r e  
3-3. F i g u r e s  3-31 ,  3-32  and 3-33  show a b s o r b a n c e  p u l s e s  f o r  Be, Co and 
Cu g e n e r a t e d  w i t h  a TiC c o a t e d  and  a n  u n c o a t e d  f u r n a c e .  V i s u a l  
i n s p e c t i o n  o f  F i g u r e s  3-31 and 3-33 r e v e a l  t h a t  t h e  TiC c o a t e d  f u r n a c e  
g e n e r a t e s  " s h a r p e r "  a b s o r b a n c e  p u l s e s .  The d i f f e r e n c e  i s  n o t  s e e n  
c l e a r l y  i n  t h e  Co p u l s e s  i n  F ig u r e  3-32 due t o  t h e  h i g h e r  g a i n  r e q u i r e d
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F i g u r e  3 -3 0 .  A b s o rb a n c e - t im e  p r o f i l e s  o f  25 x 10 L samples  o f  a  70 ppb 
Fb s o l u t i o n s  g e n e r a t e d  i n  t h e  IL 655 w i t h  a)  TiC c o a t e d  
f u r n a c e ,  b)  u n c o a t e d  f u r n a c e .  O s c i l l o s c o p e  sweep r a t e  =
0 . 5  s e c / d i v i s i o n ,  i n p u t  v o l t a g e  = 1 V f u l l  s c a l e .
L
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•*6F i g u r e  3 -3 1 .  A b s o r b a n c e - t i m e  p r o f i l e s  o f  25 x 10 L samples  o f  a  70 ppb 
Be s o l u t i o n s  g e n e r a t e d  i n  t h e  IL 655 w i t h  a )  TiC c o a t e d  
f u r n a c e ,  b)  u n c o a t e d  f u r n a c e .  O s c i l l o s c o p e  sweep r a t e  =




F i g u r e  3 -32  A b s o rb a n c e - t i m e  p r o f i l e s  o f  25 x 10 L samples  o f  a 100 
ppb Co s o l u t i o n s  g e n e r a t e d  i n  t h e  IL 655 w i t h  a )  TiC 
c o a t e d  f u r n a c e ,  b )  u n c o a t e d  f u r n a c e .  O s c i l l o s c o p e  sweep 




F i g u r e  3 -3 3 .  A b s o r b a n c e - t i m e  p r o f i l e s  o f  25 x  10 L sam ples  o f  a  70 ppb 
Cu s o l u t i o n s  g e n e r a t e d  i n  t h e  IL 655 w i t h  a )  TiC c o a t e d  
f u r n a c e ,  b)  u n c o a t e d  f u r n a c e .  O s c i l l o s c o p e  sweep r a t e  =
0 . 5  s e c / d i v i s i o n ,  i n p u t  v o l t a g e  = 1 V f u l l  s c a l e .
I
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t o  o b s e r v e  t h e  p u l s e s  f r o m  t h e  u n c o a t e d  f u r n a c e s .  The a b s o r b a n c e s  
p u l s e  c h a r a c t e r i s t i c s  f o r  t h e s e  e l e m e n t s  a r e  sum m a r ized  i n  T a b le  3—19-
To d e t e r m i n e  i f  t h e r e  i s  a  d i f f e r e n c e  i n  t h e  means o f  t h e  m easured  
q u a n t i t i e s  b e t w e e n  t h e  f u r n a c e s ,  t h e  h y p o t h e s i s  H:(PTiC -  Pjj) = 0,  
w here  t h e  s u b s c r i p t s  c o r r e s p o n d  t o  t h e  r e s p e c t i v e  f u r n a c e s ,  was t e s t e d .  
S in c e  two means a r e  b e i n g  compared ,  a  t - t e s t  was used .  ( F - t e s t  on t h e  
v a r i a n c e s  o f  t h e  m e a s u r e d  q u a n t i t i e s  i n d i c a t e d  no s i g n i f i c a n t  
d i f f e r e n c e s  a t  t h e  95$ c o n f i d e n c e  l e v e l . )
U n d e r l i n e d  t  v a l u e s  i n  T ab le  3-19 r e p r e s e n t  95$ c o n f i d e n c e  l e v e l  
f o r  s i g n i f i c a n c e ,  i n d i c a t i n g  t h e  h y p o t h e s i s  o f  no d i f f e r e n c e  mus t  be 
r e j e c t e d .  S i g n i f i c a n t  d i f f e r e n c e s  a r e  found b e tw e e n  t a p p , and x2 
f o r  Co; t2 a n d  t . ] /x2 f o r  Cu; a n d  Ta p p , Tp , a n d  t2 f o r  Be.
The d e c r e a s e d  v a l u e s  o b t a i n e d  w i t h  Co and Be i n  t h e  TiC c o a t e d  
f u r n a c e  i n d i c a t e  a  d e c r e a s e d  a t o m i z a t i o n  t i m e  ( o r  a n  i n c r e a s e d  
a t o m i z a t i o n  r a t e ) .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  q u a l i t a t i v e  
o b s e r v a t i o n s  made w i t h  t h e  HGA 7 4 / J a r r e l l - A s h  sy s tem .
S i n c e  t h e  c a r b i d e  c o a t e d  f u r n a c e  i s  l e s s  p o ro u s  t h a n  t h e  u n c o a t e d  
f u r n a c e ,  one  w o u l d  e x p e c t  xg v a l u e s  t o  i n c r e a s e  due  t o  d e c r e a s e d  
d i f f u s i o n  t h r o u g h  t h e  f u r n a c e  w a l l s .  However,  f o r  a l l  t h r e e  e l e m e n t s ,  
x2 v a l u e s  a r e  l o w e r  when t h e y  a r e  a t o m i z e d  from t h e  TiC c o a t e d  f u r n a c e .  
The r e a s o n  i s  t h a t  t h e  decay  o f  t h e  a b s o r b a n c e  p u l s e  i s  n o t  in d e p e n d e n t  
o f  i t s  g r o w t h ,  a s  a s s u m e d  by L - v o v  ( 1 9 , 6 1 ) .  I n  a n  u n c o a t e d  f u r n a c e ,  
a t o m i z a t i o n  c o n t i n u e s  beyond t h e  a b s o r b a n c e  maximum, c o n t r i b u t i n g  t o  
t h e  t a i l  o f  t h e  p u l s e .  T h i s  r e s u l t s  i n  i n c r e a s e d  x2 v a l u e s .  S i n c e  
a t o m i z a t i o n  t i m e s  a r e  s h o r t e r  i n  t h e  TiC c o a t e d  f u r n a c e s ,  a t o m i z a t i o n
/
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T a b l e  3-19  
A bsorbance  P u l s e  C h a r a c t e r i s t i c s
Co
&u n c o a t e d  f u r n a c e  c o a t e d  f u r n a c e  t - v a l u e
Tamean 880 1173 5 .502
SD 123 115
T
Pmean 2000 1970 0 .988
SD 3 3 .4 58 .3
T1mean 1110 800 6 .221
SD 117 103
T2mean 1270 1020 5.127
SD 110 9 4 .6
Tl / T 2
mean 0 .88 0 .80 1.797
SD 0 .1 0 0 .1 1
Be
T
mean 950 1020 2 .2 2 1
SD 64.7 8 3 .1
Tpr mean 1870 1780 2.937
SD 6 0 .6 78.3
T1mean 920 750 10.266
SD 4 4 .0 2 5 .5
T2mean 1270 1060 4 .759
SD 126 69 .5  •
T / T
mean 0 .73 0 .72 0.377
SD 0.08 0 .06





u n c o a t e d  f u r n a c e  c o a t e d  f u r n a c e
x
amean 560 .  480.







t 2mean 1120 1030
SD 5 5 .2  3 1 .8
V t2
mean 0 .7 0  0 .85
SD 0 .13  0 .13





2 .4 8 1
a
u n d e r l i n e d  t  v a l u e s  i n d i c a t e  95% c o n f i d e n c e  l e v e l  s i g n i f i c a n c e .  
C r i t i c a l  t  v a l u e  f o r  95% c o n f i d e n c e  l e v e l  i s  t  ^ , . (18) = 2 .101
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does  n o t  c o n t i n u e  s i g n i f i c a n t l y  once  t h e  a b s o r b a n c e  maximum i s  r e a c h e d ,  
r e d u c i n g  any  c o n t r i b u t i o n  t o  Xg. T h i s  may a l s o  a c c o u n t  f o r  t h e  l a c k  o f  
s t a t i s t i c a l l y  d i f f e r e n t  r a t i o s  be tw ee n  t h e  f u r n a c e s .
A s u p r i s i n g  r e s u l t  w a s  t h e  l a c k  o f  d i f f e r e n c e  b e t w e e n  t h e  
v a l u e s  f o r  Cu i n  t h e  two f u r n a c e s .  The c a r b i d e  c o a t e d  f u r n a c e  y i e l d e d  
i n c r e a s e d  a b s o r b a n c e s  by a  f a c t o r  o f  1.7 and d e c r e a s e d  x  ^ v a l u e s .  Both 
o f  t h e s e  d a t a  a r e  c o n s i s t e n t  w i t h  r e d u c e d  x^ v a l u e s .  H o w e v e r ,  t h e  
p r e c i s i o n  o f  t h e  x^  m e a s u re m e n t s  f o r  Cu was l o w e r  t h a n  w i t h  e i t h e r  Co 
o r  Be,  c o n s e q u e n t l y  a n y  d i f f e r e n c e  may h a v e  b e e n  m a s k e d .  A d d i t i o n a l  
d a t a  i s  n e c e s s a r y  i n  o r d e r  t o  o b t a i n  more r e l i a b l e  v a l u e s  f o r  Cu.
S i g n i f i c a n t  d i f f e r e n c e s  were  a l s o  found b e tw ee n  Tapp and x p f o r  Be 
and Xp f o r  Co. S u b s eq u en t  t o  t h e  c o m p l e t i o n  o f  t h e s e  e x p e r i m e n t s ,  i t  
was l e a r n e d ,  th r o u g h  c o m m u n ica t io n  w i t h  IL p e r s o n n e l ,  t h a t  t h e r e  i s  a 
s m a l l  d e l a y  b e t w e e n  t h e  a c t u a l  s t a r t  o f  t h e  a t o m i z a t i o n  s t e p  a n d  t h e  
t r i g g e r  s i g n a l  t o  t h e  s p e c t r o p h o t o m e t e r  f o r  t h e  i n i t i a t i o n  o f  t h e  
i n t e g r a t i o n  p e r i o d .  I n  a d d i t i o n ,  t h e  l e n g t h  o f  t h e  d e l a y  v a r i e s  and i s  
b e y o n d  t h e  c o n t r o l  o f  t h e  o p e r a t o r .  As a r e s u l t ,  t h e  Ta p p  and  Tp 
v a l u e s  o b t a i n e d  a r e  n o t  v a l i d  s i n c e  t h e y  a r e  d e f i n e d  i n  t e r m s  o f  t h e  
b e g i n n i n g  o f  t h e  a b s o r p t i o n  p u l s e .  I n  o r d e r  t o  m e a s u r e  t h e s e  
q u a n t i t i e s ,  t h e  t r i g g e r  s i g n a l  t o  t h e  s p e c t r o p h o t o m e t e r  must  be s e n t  i n  
a  more p r e c i s e  manner.
Chapter 4
Summary, C o n c l u s i o n s  and F u t u r e  S t u d i e s
G r a p h i t e  f u r n a c e s  c o a t e d  by t h e  p ro p o sed  method o f f e r  a d v a n t a g e s  
o v e r  f u r n a c e s  c o a t e d  by o t h e r  p r o c e d u r e s ,  a n d  i n  some c a s e s ,  o v e r  
c o m m e r c i a l l y  c o a t e d  p y r o l y t i c  f u r n a c e s .  F i r s t ,  f u r n a c e s  c o a t e d  by ou r  
m e t h o d  e x h i b i t  a  much m ore  r e p r o d u c i b l e  c o a t i n g ,  a s  s h o w n  by 
d e t e r m i n a t i o n  o f  s i g n a l  en h an c em en ts  f o r  a  number o f  f u r n a c e s .  Second,  
c o a t i n g s  w e r e  d e m o n s t r a t e d  t o  l a s t  f o r  t h e  e n t i r e  l i f e t i m e  o f  t h e  
f u r n a c e s  s t u d i e d .  And t h i r d ,  p h y s i c a l  l i f e t i m e s  o f  c o a t e d  f u r n a c e s  
w e r e  show n  t o  be  s i g n i f i c a n t l y  l o n g e r  r e l a t i v e  t o  u n c o a t e d  f u r n a c e s  
when u s e d  u n d e r  t h e  s a m e  c o n d i t i o n s .  A l l  t h r e e  o f  t h e s e  a d v a n t a g e s  
a r e a  c o n s e q u e n c e  o f  h i g h e r  c o n c e n t r a t i o n s  o f  c a r b i d e  f o r m i n g  m e t a l s  
a p p l i e d  t o  f u r n a c e s .  S i n c e  p u r e  m e t a l  c h l o r i d e s  a r e  u s e d  r a t h e r  t h a n  
d i l u t e ,  aqueous  m e t a l  s o l u t i o n s ,  sp a c e  w i t h i n  t h e  g r a p h i t e  i s  f i l l e d  
w i t h  c a r b i d e  f o r m i n g  m e t a l  r a t h e r  t h a n  s o l v e n t .  And f i n a l l y ,  o u r  
c o a t e d  f u r n a c e s  d i d  show i n c r e a s e d  s e n s i t i v i t y  f o r  some e l e m e n t s  (Al, 
As,  Ba,  Be,  Sb,  S i  a n d  Pb) .  F o r  t h o s e  e l e m e n t s  f o r  w h i c h  no s i g n a l  
e n h a n c e m e n t s  w e r e  o b s e r v e d  (Co, Cu, N i ,  Sb a n d  S r ) ,  l o n g e r  f u r n a c e  
l i f e t i m e  would  be t h e  a d v a n t a g e  i n  u s i n g  t h e  c o a t e d  f u r n a c e s .
An i n t e r e s t i n g  r e s u l t  was t h e  l a c k  o f  S i  enhancem en t  f o r  f u r n a c e s  
u s e d  i n  t h e  IL s y s t e m  w h i l e  f u r n a c e s  u s e d  i n  t h e  HGA 7 4 / J a r r e l l - A s h  
sy s tem  e x h i b i t e d  s i g n i f i c a n t  enhancem en ts  f o r  S i .  T h i s  was p r o b a b l y  a 
r e f l e c t i o n  o f  t h e  g r a p h i t e  q u a l i t y  o f  t h e  p a r t i c u l a r  l o t s  o f  f u r n a c e s ,  




r e s p e c t i v e  s y s t e m s .  Even th ough  th e  s e n s i t i v i t y  was low,  u n c o a t e d  HGA 
f u r n a c e s  w e r e  a b l e  t o  g e n e r a t e  S i  s i g n a l s .  I n  a d d i t i o n ,  t h e  p r o b l e m  
w i t h  i n t e r c a l a t i o n  o f  t h e  MoCl^ w a s  n o t  o b s e r v e d  f o r  a l l  t h e  l o t s  o f  
f u r n a c e s .  T h i s  a l s o  s u g g e s t s  d i f f e r e n c e s  between f u r n a c e  l o t s .
L a c k  o f  s i g n a l s  f o r  V i s  p r o b a b l e  d u e  t o  t h e  f a c t  t h a t  c o a t i n g s  
d i d  n o t  s e a l  t h e  g r a p h i t e  c o m p l e t e l y  ( s e e  F ig .  2-5) .  C o a t in g  p a r t i c l e s  
w ere  o b s e r v e d  i n  p o r e s  o f  t h e  g r a p h i t e ,  b u t  some s u r f a c e  g r a p h i t e  was 
s t i l l  e x p o s e d ,  l e a v i n g  a  r o u g h  a t o m i z a t i o n  s u r f a c e  a n d  p o s s i b l y  
p e r m i t t i n g  c a r b i d e  f o r m a t i o n .  R epea ted  a p p l i c a t i o n  o f  c o a t i n g  may be 
h e l p f u l  i n  s e a l i n g  p o r e s  i n  t h e  g r a p h i t e  c o m p l e t e l y .
D i r e c t i o n s  f o r  f u t u r e  s t u d i e s  i n  t h i s  a r e a  a r e  numerous .  F i r s t ,  
e f f e c t s  o f  o u r  c o a t n g s  on i n t e r f e r e n c e s  s h o u ld  be s t u d i e d  s i n c e  t h e r e  
a r e  r e p o r t s  i n  t h e  l i t e r a t u r e  a b o u t  c a r b i d e  c o a t i n g s  r e d u c i n g  some 
i n t e r f e r e n c e s .  H o w e v e r ,  i n t e r f e r e n c e  s t u d i e s  r e q u i r e  r e l a t i v e l y  
u n d i s t o r t e d  s i g n a l s .  T h ough  t h e  r e s p o n s e  t i m e  o f  t h e  IL  s y s t e m  i s  
a d e q u a te  f o r  r o u t i n e  m e a su re m e n t s  some s i g n a l  d i s t o r t i o n  i s  o b s e rv ed .  
M a j o r  m o d i f i c a t i o n s  o f  t h e  s i g n a l  p r o c e s s i n g  e l e c t r o n i c s  w o u l d  be 
n e c e s s a r y  f o r  t h e s e  t y p e s  o f  s t u d i e s .  Second,  f u n d a m e n ta l  s t u d i e s  o f  
t h e  mehcan isms o f  a tom f o r m a t i o n  i n  t h e  c o a t e d  f u r n a c e s  would  p r o v i d e  
i n s i g h t s  t o  p o t e n t i a l  i n t e r f e r e n c e s  a n d  p o s s i b l y  p e r m i t  ' f i n e - t u n i n g '  
o f  c o a t i n g s  f o r  a p a r t i c u l a r  a n a l y s i s .  T h i r d ,  t h e  p e r f o r m a n c e  o f  
c o a t e d  f u r n a c e s  f o r  e l e m e n t s  o t h e r  t h a n  t h o s e  s t u d i e d  h e r e  s h o u l d  be 
i n v e s t i g a t e d .  And f i n a l l y ,  more p o t e n t i a l  c o a t i n g s  s h o u ld  be s t u d i e d ,  
eg. n i t r i d e  c o a t i n g s .
F o r  f u r n a c e  AA t o  h a v e  maximum v e r s i t a l i t y ,  t h e  a n a l y s t  m u s t  be 
a b l e  t o  draw on a v a r i e t y  o f  a t o m i z a t i o n  s u r f a c e s .  T h i s  i s  a n a l o g o u s
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t o  t h e  v a r i e d  c o l u m n s  u s e d  i n  g a s  a n d  l i q u i d  c h r o m a t o g r a p h y ,  f o r  
c l e a r l y  no one  a t o m i z a t i o n  s u r f a c e  i s  a d e q u a t e  f o r  a l l  t h e  s a m p l e s  
c u r r e n t l y  b e i n g  d e t e r m in e d  by f u r n a c e  AA.
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